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Structural health monitoring (SHM) is an important aspect in ensuring the safety 
and integrity of structures. Amongst the many existing methods of monitoring the health 
of the structures, fibre Bragg grating (FBG) sensors are emerging as a promising method 
due to their small size, immunity to electromagnetic interference, high temperature 
stability, multiplexing capability and intrinsic safety. The FBG based acoustic emission 
(AE) detection technique is gaining attention and is a potential tool for measuring 
cracking activity in engineering structures. The objective of this thesis research is to 
develop novel methods based on FBG sensors to determine micro and nano cracks in 
engineering structures in the early phase of their development to prevent catastrophic 
failure of the structures.  
In this thesis, a new generation means of metal packaging of FBG sensors, using 
stainless steel and tin, together with high temperature resistant samarium cobalt (SmCo) 
magnets is proposed. The inclusion of high temperature tolerant SmCo magnets enables 
the metal packaging of the FBG sensors with magnetic capabilities, allowing this sensor 
to be placed in direct contact with the substrate structure such as iron pipelines and other 
ferromagnetic structures without any adhesives, making them easily detachable and 
reusable. This is a significant improvement compared with other commercially available 
fibre optic sensors for such applications. The packaged sensor is designed, simulated and 
analysed using finite element methods in ANSYS and then fabricated and experimentally 
characterised for load, temperature and vibration. It was demonstrated that our fabricated 
sensors can measure load, temperature and vibration with reasonable resolution and 
sensitivity.  
As an approach to AE source localisation, and thereby crack detection and 
localisation in welded joints, the directional sensitivity and the AE sensing capability of 
unpackaged and packaged FBG sensors were also studied using finite element modelling 
with explicit dynamics in ANSYS and validated experimentally. AE events were 
generated using metal ball drop impact on an aluminium plate where the unpackaged and 
packaged FBG sensors are attached and are measured using a high sensitivity FBG AE 
interrogation system. The directional sensitivity of the unpackaged and packaged sensors 
was demonstrated and found that at 0° and 180° the directional sensitivity is highest and 
is the lowest at 90° and these were verified using FEM simulation in ANSYS.  
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To demonstrate the potential application of the developed packaged AE sensor, 
the sensor system is used to detect and analyse cold cracks that occur during the welding 
process. The fabricated sensors are magnetically surface attached on to the substrate on 
which the welding is done and the AE events due to hydrogen induced cold cracks are 
detected by the attached sensor and processed using a high speed FBG AE interrogation 
system. An attempt was also made to identify and locate micro and nano scale-cracks and 
a scheme to accurately map the crack location in welded joints is developed with the aid 
of the magnetic metal-packaged FBG.  
In summary this thesis proposes and demonstrates a new generation of packaged 
sensor which can be used for crack monitoring and it has the potential in future health 


































First of all, I would like to thank my supervisor Dr Ginu Rajan for his guidance 
through-out my PhD without whom my PhD won’t be complete. I would also like to thank 
my co-supervisors, Prof Jiangtao Xi and Prof Huijun Li for their valuable support and 
guidance.  
Also I would like to thank the School of Electrical, computer and 
telecommunication engineering (SECTE), Signal processing for instrumentation and 
communication research (SPICR) group and the members for their valuable comments 
and feedbacks during the group meetings I would like to thank Matthew Berryman for 
providing me access to a High Performance computing for the processing of the data for 
my research. I would also like to thank Abheek Basu for his guidance on modelling and 
simulation part in ANSYS and helping me learn a lot about finite element modelling 
(FEM) in general. 
My sincere thanks also goes to Prof B Gangadhara Prusty from University of New 
South Wales (UNSW), Sydney Australia and Dr Ebrahim Oromiehe, Dr Matthew David 
and Seetharam Mahadevan and other staff of ARC training centre for Automated 
Manufacture of Advanced Composites (AMAC), Sydney Australia for lending me the 
interrogator system for data analysis and collaborating with me during my PhD.  
I am also thankful to the team at the mechanical workshop, Stuart Rodd, Jose 
Gonzales and Carl Rindlisbacher for ordering and providing me with the materials for my 
research.  I would also like to thank Dr Vitor Sencadas for his assistance in providing me 
the oven for my research work.  I would also like to thank Matthew Franklin and Duncan 
Fisher for their assistance in lending me the instruments for my experiments.  
I would like to acknowledge Prof Gerald Farrell, Prof Yuliya Semenova and 
members of the Photonics Research Laboratory in Dublin Institute of Technology (DIT) 
for allowing me to visit and have a collaboration with them in November 2016.  
I would also like to thank my friend Adinda Yuliwati for her support and 
understanding, and helping me. She played a crucial role in helping me focus on my 
research which I really needed. I also would like to thank my cousin Lavanya Girish, my 
best friend back home Dysan Das and friends on campus Ruwan Bandara and Ali Al 
Hammadi with whom it was a good atmosphere to be in and do the research. 
v 
 
Lastly, I would like to thank my parents Preetha Maniyalath and Jinachandran 
Mechakat for their immense support, love and understanding throughout my life. Thank 
you both for giving me the strength to chase my dreams. Their support has always made 
me strong throughout my life and played a great role in helping me through my Ph.D. 





I, Sagar Jinachandran, declare that this thesis submitted in fulfilment of the 
requirements for the conferral of the degree Doctor of Philosophy, from the 
University of Wollongong, is wholly my own work unless otherwise referenced 
or acknowledged. This document has not been submitted for qualifications at any 












21st February 2020 
vii 
 




ACKNOWLEDGMENTS ..................................................................................... iv 
CERTIFICATION................................................................................................. vi 
LIST OF PUBLICATIONS ................................................................................... xi 
LIST OF ACRONYMS .......................................................................................xiii 
LIST OF FIGURES .............................................................................................. xv 
LIST OF TABLES ............................................................................................. xviii 
Chapter 1 - Introduction & Objectives .................................................................. 1 
1.1 Background and Motivation ................................................................................ 1 
1.2 Introduction to Structural Health Monitoring ...................................................... 3 
1.2.1 Significance of SHM ..................................................................................... 4 
1.2.2  Sensors for Structural Health Monitoring Applications ................................. 5 
1.3 Introduction to Optical Fibre Sensors .................................................................. 6 
1.4 Fibre Bragg Gratings .......................................................................................... 8 
1.4.1 Reflectivity of FBGs ...................................................................................... 9 
1.4.2 Sensing using FBGs..................................................................................... 10 
1.4.3 FBG sensors for SHM applications .............................................................. 11 
1.5 SHM in Welding ............................................................................................... 13 
1.5.1 Hydrogen Induced Cold Cracking in Welding .............................................. 13 
1.5.2 Acoustic Emission based Cold Crack Monitoring ........................................ 15 
1.5.3 FBGs for Cold Crack Monitoring ................................................................ 16 
1.6 Research Objectives of the Thesis and Overview of Chapters ........................... 16 
Chapter 2 - Fibre Bragg Grating based Acoustic Emission Measurement System 
for Structural Health Monitoring Applications .................................................. 19 
2.1 Introduction ...................................................................................................... 19 
2.2 AE Sources and Events ..................................................................................... 20 
2.3 AE Monitoring Methods for SHM .................................................................... 21 
2.4 Traditional FBG Interrogation Systems and their Inability for AE Monitoring .. 23 
2.5 FBG Interrogation Systems for AE Monitoring ................................................. 24 
2.5.1 Power Detection and Edge Filter Detection Methods ................................... 24 
2.5.2 AE Detection Using an Optical Fibre based F-P Sensor and Quadrature 
Recombination Technique .................................................................................... 25 
viii 
 
2.5.3 FBG Acoustic Sensors by Altering the Physical Configurations of Gratings 26 
2.5.4 Spectrometric FBG interrogation system ..................................................... 29 
2.5.5 Bragg Grating based laser sensor system with interferometric interrogation 
and WDM ............................................................................................................ 30 
2.5.6 Intensity demodulation fibre ring laser sensor system for AE detection ........ 31 
2.5.7 Commercial FBG AE interrogation systems ................................................ 33 
2.6 Applications of FBG based AE monitoring system and its market potential ...... 34 
2.7 Conclusion ........................................................................................................ 39 
Chapter 3 - AE Data Analysis Methodology........................................................ 40 
3.1 Introduction ...................................................................................................... 40 
3.2 FBG AE Interrogation System and AE Data Acquisition................................... 42 
3.3 Signal Processing Techniques ........................................................................... 44 
3.4 A MATLAB based GUI for data processing and analysis.................................. 50 
3.5 Application of the Signal Processing Methodology to AE Data ......................... 52 
3.6 Conclusion ........................................................................................................ 58 
Chapter 4 - Design, Fabrication and Characterisation of Magnetic Metal 
Encapsulated FBG sensor .................................................................................... 59 
4.1 Introduction ...................................................................................................... 59 
4.2 Design and Fabrication of the Packaged Sensor ................................................ 60 
4.3 Analysis on the effect of the embedding process on the FBG spectrum ............. 63 
4.4 Analysis of Design Using FEM ......................................................................... 64 
4.5 Experimental Setup for Characterisation of the Metal Packaged FBG Sensor .... 67 
4.6 Experimental Results and Discussions .............................................................. 69 
4.6.1 Load Characterisation .................................................................................. 69 
4.6.2 Temperature Characterisation ...................................................................... 69 
4.6.3 Vibration Characterisation ........................................................................... 70 
4.7 Conclusion ........................................................................................................ 72 
Chapter 5 - The Study of the Directional Sensitivity of Fibre Bragg Gratings for 
Acoustic Emission Measurements ........................................................................ 73 
5.1 Introduction ...................................................................................................... 73 
5.2 Sensor Design and Fabrication .......................................................................... 74 
5.3 Design and Construction of Packaged Sensor .................................................... 75 
5.4 Experimental Study on Directional Sensitivity of Packaged and Unpackaged 
Sensors ................................................................................................................... 76 
5.5 Finite Element Analysis Model of AE Event ..................................................... 78 
5.5.1 Geometry of the design ................................................................................ 78 
5.5.2 FEM using Explicit dynamics exporting to LS-DYNA ................................ 79 
5.5.3 Transient structural analysis ......................................................................... 79 
ix 
 
5.5.4 FEM using explicit dynamics exporting to ANSYS ..................................... 81 
5.6 Analysis of AE Wave through the Substrate ...................................................... 82 
5.7 Results and Discussion ..................................................................................... 85 
5.8 Conclusion ........................................................................................................ 89 
Chapter 6 - Applications of FBG based Acoustic Emission Detection System in 
Crack Monitoring in Welding .............................................................................. 90 
6.1 Introduction ...................................................................................................... 90 
6.2 Mapping of Cracks using AE ............................................................................ 92 
6.3 Estimation of the ToA of the AE Signal and Source Localisation ...................... 94 
6.4 Experimental arrangement ................................................................................ 95 
6.4.1 Welding Procedure ...................................................................................... 95 
6.4.2 FBG sensors ................................................................................................ 95 
6.5 Preparation of the Samples for SEM Imaging.................................................... 98 
6.6 Results and discussion ...................................................................................... 98 
6.6.1 Time domain response of cold crack induced AE events form unpackaged 
FBGs ................................................................................................................... 98 
6.6.2 Signal amplitudes measured by individual sensors ..................................... 100 
6.6.3 Frequency analysis of the cold crack induced AE events ............................ 103 
6.6.4 Time domain response of cold crack induced AE events from packaged FBGs 
  .......................................................................................................................... 104 
6.6.5 Identification of cold cracks using SEM imaging ....................................... 106 
6.7 Conclusion ...................................................................................................... 107 
Chapter 7 - Conclusion and future work ........................................................... 108 
7.1 Key findings and conclusions.......................................................................... 108 
7.2 Limitations of packaged FBGs ........................................................................ 111 
7.3 Future scope for research ................................................................................ 111 
REFERENCES ................................................................................................... 113 
Appendix A: I-MON 256 USB............................................................................ 129 
Appendix B: FAESense M400 interrogator ....................................................... 131 































LIST OF PUBLICATIONS 
 
Journal Articles (Published and submitted) 
 
1) Sagar Jinachandran, Huijun Li, Jiangtao Xi, B Gangadhara Prusty, Yuliya 
Semenova, Gerald Farrell, Ginu Rajan, “Fabrication and characterisation of a 
magnetic metal encapsulated FBG sensor for structural health monitoring”, 
IEEE Sensors Journal, Vol 18, Issue 21, Nov 1, 2018  
2) Sagar Jinachandran, Abheek Basu, Huijun Li, Jiangtao Xi, B Gangadhara 
Prusty, Ginu Rajan, “The study of the directional sensitivity of fibre Bragg 
gratings for acoustic emission measurement”, IEEE Sensors Journal, vol. 19, 
no 16, Aug 15, 2019  
3) Sagar Jinachandran and Ginu Rajan, “A review of fibre Bragg grating acoustic 
emission measurement methods for structural health monitoring applications”, 
Materials, submitted (Invited paper) 
4) Sagar Jinachandran, Huijun Li, Jiangtao Xi, B Gangadhara Prusty, Ginu 
Rajan, “Acoustic emission source localisation method for hydrogen induced cold 
crack detection using magnetic metal packaged FBG sensors”, IEEE 
Transactions on Instrumentation and Measurement, submitted. 
 
Conference papers  
5) Sagar Jinachandran, Chen Shen, Jiangtao Xi, Huijun Li, B Gangadhara Prusty, 
Ginu Rajan, “Fibre optic acoustic emission sensor system for hydrogen induced 
cold crack monitoring in welding applications” IEEE Sensors Applications 
Symposium (SAS), Catania, Italy, 2016.  
6) Ginu Rajan, Sagar Jinachandran, Jiangtao Xi, Huijun Li, J S Vinod, T Moses, 
Shivakumar Karekal, B Gangadhara Prusty, “Fibre optic acoustic emission 
measurement technique for crack activity monitoring in civil engineering 




7) Sagar Jinachandran, Huijun Li, Jiangtao Xi, Ginu Rajan, “Fabrication and 
characterisation of a magnetic metal encapsulated FBG sensor for Structural 
health monitoring” 9th Australasian Congress on Applied Mechanics (ACAM 9), 
Nov 27-29th, UNSW, Sydney Australia (poster presentation) 
8) Sagar Jinachandran, Abheek Basu, Huijun Li, Jiangtao Xi, B Gangadhara 
Prusty, Ginu Rajan, “The study of the directional sensitivity of fibre Bragg 
gratings in different substrates using acoustic emissions”, 11th Asian 
Australasian Conference on Composite materials (ACCM-11), Jul 29-Aug 1, 






















LIST OF ACRONYMS 
 
OFS    Optical fibre sensors 
FBG    Fibre Bragg gratings 
AE    Acoustic emission 
SHM    Structural health monitoring 
NDT    Non-destructive testing 
PZT    Lead Zirconate Titanate 
SmCo   Samarium Cobalt 
WDM    Wavelength division multiplexing 
HICC   Hydrogen induced cold cracking 
H    Monatomic Hydrogen 
PWHT   Post weld heat treatment 
GUI   Graphical user interface 
FEM   Finite element modelling 
FEA   Finite element analysis 
ToA   Time of arrival 
SEM   Scanning electron microscope 
F-P   Fabry Perot 
OSA   Optical spectrum analyzer 
TLS   Tunable laser source 
AWG    Arrayed waveguide grating 
FRL   Fibre ring laser 
TOBPF   Tunable optical band pass filter 
ERF    Erbium doped fibre 
SMA   Shape memory alloy 
SNR   Signal to noise ratio 
HLT   Hit lock out time 
HDT   Hit definition time 
PDT   Peak definition time 
xiv 
 
WT   Wavelet transform 
TWM   Two wave mixing 
STFT    Short term Fourier transform 
FFT    Fast Fourier transform 
SLSR   Side lobe suppression ratio 






















LIST OF FIGURES 
 
1.1 Elements of SHM .............................................................................................. 4 
1.2 Schematic representation of FBG ....................................................................... 9 
1.3 Failure due to cracks in a pipeline .....................................................................14 
1.4 Location of cold cracks and their causes ...........................................................15 
2.1 AE wave with noises .........................................................................................21 
2.2 Optical circuits of (a) Edge filter method (b) Power detection method ...............25 
2.3 Fabry-Perot and quadrature recombination method for AE monitoring ..............26 
2.4 FBG AE sensor by altering the gratings ............................................................27 
2.5 FBG interrogation system using an AWG ............................................................. 29 
2.6 Interferometric interrogation along with WDM .................................................... 30 
2.7 FBG interrogation using FRL sensor for AE detection......................................... 32 
2.8 Configuration of the flying test bed and sensors ................................................... 35 
2.9 FBGs used for bridge monitoring ........................................................................... 37 
3.1 (a) FAESense interrogator (b) Schematic of the AE interrogation experiment ... 43 
3.2 The user interface from FAESense interrogator system showing the various 
channels .......................................................................................................................... 44 
3.3 Flowchart depicting the signal analysis process carried out in this thesis ........... 45 
3.4 Principle of the proposed AE signal processing approach .................................... 45 
3.5 Time frequency plane for (a) FT windowing technique ....................................... 46 
3.5 Time frequency plane for (b) wavelet transform ................................................... 47 
3.6 Original and thresholded signals ............................................................................ 48 
3.7 Varying threshold levels of Daubechies wavelet while de-noising AE signal .... 49 
3.8 GUI to plot the time domain data ........................................................................... 51 
3.9 Option on the GUI for (a) Denoising and STFT, (b) de-noising DB or Haar ..... 51 
3.10 (a) Time domain data from the tuning fork, (b) FFT plot before de-noising .... 53 
3.11 (a)The time domain data from the tuning fork, (b) FFT plot after de-noising .. 54 
3.12 The STFT plot obtained (a) before de-noising, (b) after de-noising .................. 55  
3.13 (a) The time domain plot for the data from the ball drop experiments (b) the 
corresponding de-noised data ........................................................................................ 56 
3.14 STFT plot obtained (a) before denoising, (b) after de-noising ........................... 57 
xvi 
 
4.1 The Schematic (a) stainless steel cylinder region (b) cross section view of the tin 
disc (c) placement of SmCo magnets with the cylinder (d) the fabrication of the metal 
packaged magnetic FBG sensors components before embedding, indicating the 
location of the SmCo magnets (e) the metallic packaged sensor  ............................... 62 
4.2 The schematic diagram of FBG interrogation system  .......................................... 63 
4.3 Reflection spectra of FBG Sensor, before and after packaging ............................ 64 
4.4 (a) Thermal strain profile of packaged sensor due to applied temperature (b) the 
thermal strain along the embedded fibre containing FBG .......................................... 65 
4.5 (a) Strain profile of packaged sensor with applied load (b) strain experienced by 
embedded optical fibre (c) simulated load vs strain plot of the packaged sensor...... 66 
4.6 The photographs of the set up for characterisation; (a) load (b) temperature (c) 
vibration .......................................................................................................................... 68 
4.7 Measured wavelength shift and calculated strain due to applied load calculated 
strain from the experiment and its comparison with the simulation ........................... 69 
4.8 Measured temperature induced wavelength shift of the packaged sensor ........... 70 
4.9 (a) The wavelength versus time plot of the vibration experiment; (b) FFT plot for 
the measured vibration at 500Hz (c) FFT plot for measured vibration at 1 kHz ....... 71 
5.1 The parts of the packaged sensor (a) stainless steel base with FBG (b) tin plate (c) 
Packaged sensor after heating ....................................................................................... 75 
5.2 The experimental arrangement for the metal ball drop test using the FAESense 
interrogator system ........................................................................................................ 76 
5.3 (a) the AE waves obtained from the ball drop using the PZT transducer and 
Oscilloscope ................................................................................................................... 77 
5.3 (b) the corresponding STFT plot ............................................................................ 78 
5.4 The x displacement along the aluminium and packaged sensor ........................... 80 
5.5 The schematic of aluminium substrate with the metal ball which was modelled in 
ANSYS geometry for (a) unpackaged FBG sensors (b) packaged FBG sensor ........ 82 
5.6 The modelled propagation of acoustic wave through the substrate at (a) 1.08 ms 
(b) 1.14 ms ...................................................................................................................... 83 
5.7 The Directional Sensitivity for (a) unpackaged FBG sensor (b) packaged FBG 
sensor .............................................................................................................................. 84 
5.8 The amplitude vs. time plot from unpackaged sensor with (a) a 6mm ball 50 mm 
distance (b) 6 mm ball 100 mm distance (c) 12 mm ball 50 mm distance (d) 12 mm 
ball 100 mm distance ..................................................................................................... 85 
5.9 The STFT containing an AE from unpackaged FBG with (a) 12mm ball 50mm 
distance (b) a 6mm ball 50mm distance ....................................................................... 86 
xvii 
 
5.10 The amplitude vs. time plot containing an AE from the packaged sensor at (a) 
6mm ball 50 mm distance (b) 6mm ball at 100mm distance (c) 12mm ball at 50 mm 
distance (d) 12 mm ball at 100 m distance ................................................................... 87 
5.11 The plot for the directional sensitivity obtained after the ball drop tests with 12 
mm and 6 mm balls (a) unpackaged FBGs (b) packaged FBG sensors ..................... 88  
6.1 The location of the sensors with respect to the crack location ............................. 93 
6.2   The schematic arrangement of the welds and the FBG sensors on the welded 
region (b) photograph of the welded region ................................................................. 94 
6.3 The photograph of the welding with (a) bare FBGs (b) packaged sensors .......... 96 
6.4 The final prepared welded areas after polishing and moulding ............................ 98 
6.5 The time domain response for the welding with cracks occurring at various 
locations (a) for weld 1 (b) weld 2 (c) weld 3 .............................................................. 99 
6.6 Amplitude plots vs the events for various FBGs (a): During welding, (b): After 
welding ......................................................................................................................... 101 
6.7 Frequency analysis of selected AE events measured by the FBG sensors for weld 
2 (a) Event 2 (b) Event A2 .......................................................................................... 102 
6.8 Amplitude vs event plot obtained from array having packaged sensors ............ 103 
6.9 Amplitude vs event plot obtained from the packaged sensors............................ 104 
6.10 The time domain response for the packaged sensor for welding crack monitoring 
detection ....................................................................................................................... 105 
6.11 Confirmation of cold cracks from SEM imaging and its correlation with time 
domain response ........................................................................................................... 106 
A.1 I-MON 256 USB interrogator system ................................................................. 130 
A.2 Wire feeder 3 ......................................................................................................... 134 
A.3 The interface of the TIG MLS 2000 displaying the welding current used in the 









LIST OF TABLES 
 
1.1 Parameters of SHM page numbers right margin should be same ........................ 4 
1.2 Classification of optical fibre sensors based on working principle  ..................... 7 
2.1 Effect of physical configuration of the sensor on sensitivity ..............................28 
2.2 Some commercial FBG AE Sensors ..................................................................33 
2.3 Comparison of different FBG AE interrogation techniques ................................. 38 
3.1 Performance specifications of FAESense M-400 ...............................................43 
4.1 Material properties of the samarium cobalt magnets ..........................................61 
4.2 Material data for ANSYS Simulation ................................................................65 
4.3 Summary of results ...........................................................................................72 
5.1 Material properties for FEM modelling .............................................................81 
6.1 Calculated time of arrival of AE to the FBGs ....................................................95 
6.2 Specifications of FBGs used in this experiment.................................................97 
A.1 Specifications of the I-MON 256 USB interrogator system ........................................ 129 
A.2 the specification of the FAESense M400 interrogator system..................................... 131 










                     
                 
                                                                           
1 
 
 Chapter 1 
 Introduction & Objectives 
 
1.1 Background and Motivation 
  Optical fibre sensors (OFSs) and particularly fibre Bragg grating (FBG) based 
acoustic emission (AE) detection technology is gaining popularity because of their 
advantages such as light weight, small size, immunity to electromagnetic interference, 
resistance to harsh environments, ease of embedding, high sensitivity and high 
frequency measurement capability [1,2]. Research on FBG based AE detection is 
emerging and is particularly important in high-temperature applications where it can 
provide solutions to existing problems faced by industry, such as in welding and 
pipeline monitoring.  
  Among the different techniques to detect the defects in structures, AE is a well-
known technique in detecting stress waves generated by defects in materials, thereby 
allowing continuous and real-time structural health monitoring (SHM) [3-5]. Current 
non-destructive testing (NDT) technologies to measure AE involve Lead Zirconate 
Titanate (PZT) based systems. However, PZT-based sensors are susceptible to 
electromagnetic interference (EMI), bulky and have high energy consumption [6, 7] 
and damage identification can be accurately quantified only to some extent where the 
cracks/damages are above the microscale. The SHM industry is also currently seeking 
to reduce its energy footprint and this requires lightweight, embeddable sensors. Other 
traditional NDT techniques are ultrasonic scanning, the eddy-current method, 
radiography and passive thermography [8] and these techniques are effective in 
detecting damage in materials and structures but would be unable to detect the 
microcracks and minuscule defects in the system. Therefore, there is a strong interest 
in the development of an FBG based crack monitoring system that is capable of 
operating at high temperatures that would allow in-situ monitoring of early minuscule 
defects in the materials.  
As a proof-of-concept, in this thesis work, we have developed a technology to 
monitor micro/nano scale-cracks within a metallic structure during the welding 
process by measuring crack induced acoustic emissions using surface attached FBGs. 
The developed technology is intended to be translated to use as an SHM method for 
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future high temperature applications. Therefore, the primary focus of this thesis 
includes research on techniques to improve the sensitivity of a fibre optic crack 
monitoring system and the design and fabrication of novel magnetic metal packaged 
FBG sensors which can yield the highest AE measurement sensitivity and can be 
attached to weld structures. Development of this novel surface attached packaged 
sensor is accomplished through thorough research work. A novel way of metal 
packaging of FBG sensors using stainless steel, tin and samarium cobalt (SmCo) 
magnets is developed and the proposed configuration provides a packaged FBG sensor 
that can be directly employed in a range of applications, without any installation 
complications while other similar commercial sensors are surface-attached using 
epoxies or welded to the substrate structure. The developed configuration can be 
effective up to a temperature of 200 oC and is re-usable compared to existing packaged 
FBG sensor types.  However by using other compatible materials the operating 
temperature can be enhanced. The primary focus of the development of this packaged 
sensor was for the use in high pressure pipelines which are prone to the cracks so in 
order to apply this sensors in pipelines as a result the characteristics of the sensors 
which are important are namely the load and temperature measurement capability at 
the lower range of the load sensing, which gives the sensors the capability to measure 
AE and temperatures, and hence it was important to do a load and temperature 
characterisation on this packaged sensor. This enables the early detection of failure of 
structures and therefore a possibility of repair before the occurrence of any 
catastrophic damage. The outcome of the project will underpin a new way to 
determine the presence of micro/nano cracks in high-temperature applications by 
measuring AE more accurately than before, using fibre-optic sensing methods and also 
to estimate the exact location of the cracks leading to the development of state-of-the-
art SHM methods. This will pave the way for establishing new generation devices for 
live diagnostics of aerospace, welding, temperature and pressure sensing for deep and 
hot oil bores, power plants, furnaces and chemical reactors. 
A condensed general overview of the specific accounts of the concepts and 





 1.2 Introduction to Structural Health Monitoring 
The process of implementing a damage detection strategy for structures in 
various industries such as aerospace, civil and mechanical engineering infrastructure 
is referred to as SHM. SHM is described as a damage identification strategy which 
amalgamates sensing and intelligence so as to enable the structure loading and damage 
producing conditions to be recorded, analysed, localised and predicted in such a way 
that NDT becomes an integral part of the structure [9]. Thus SHM can be defined as a 
permanent, continuous, periodic or periodically continuous recording of the loading 
conditions and damage occurring in the system. The monitoring can be undertaken 
over the short term for a few days, medium term for few weeks, long term for few 
years and also over the whole lifespan of a structure [10]. Such a system must be able 
to detect the damage, characterise it and report it automatically or on demand. The 
resultant data from this surveillance program can be used to maximize the 
performance, maintenance, overhaul, and renewal of the structure based on reliable 
and objective data. According to the serviceability and complicacy of the system, 
SHM is organised into five levels, where higher the level, the higher the complexity. 
This hierarchy is referred to as the staircase of SHM, which is shown in Fig. 1.1. In a 
typical SHM system the first level is the detection of the presence of the damage 
without locating it, and in the second level along with detection the defect can be 
located. In advanced SHM which consists of higher levels, such as a third level system 
will detect and localise the damage together with a diagnosis of the severity of the 
damage. Level 4 SHM systems carry out the prognosis or estimation in remaining 
service life, whereas level 5 are constituted by complex hardware and custom 
algorithms and software to enable diagnosis or prognosis and self-healing functions 
[10]. 
When developing reliable SHM systems, the salient features to be considered 
are the behaviour and implementation of the structures, the loads they are subjected 
to, the design principles, the preservation requirements and the available systems or 
devices for structural assessment and the various developing technologies suitable for 
use with SHM. This organisation of selecting the parameters for assessing SHM 
depends on many factors such as the category and type of the structure, anticipated 
loads, construction materials such as metals or composites, environmental factors, 
expected degradation phenomena and available sensing systems. The commonly used 
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parameters can be mechanical, physical or chemical and are given in Table 1.1. 
Measured parameters are assessed according to certain algorithms, compared with 
predetermined values or ultimate values to establish normal and abnormal operating 
regimes [11]. Nowadays, it is a standard practice to employ statistical techniques to 
analyse SHM data. In statistical analysis, the data need to be normalised as they are 
acquired under different conditions and as the data will be obtained over an extended 
period of time and in real time, methods should be developed to condense the data for 
accurate and detailed analysis.  
Table 1.1 Parameters of SHM 
Mechanical Strain, deformation, crack opening, stress, displacement, 
load 
Physical Temperature, humidity, pressure 
Chemical Penetration of chloride, sulphate, and carbonation, pH, rebar 
oxidation, steel oxidation and timber decay 
        
 1.2.1 Significance of SHM 
All the built and constructed structures are susceptible to failure. The failure 
of engineered structures can be of great consequence to humanity as it can have an 
impact on the economy and on human life alike. To design structures that are safe for 
 




public use, building codes and methodologies are practiced, however structures are 
often subjected to harsh loading scenarios and severe environmental conditions which 
can lead to failure. Examples of operational failure of a structure and thereby loss of 
human lives can be found worldwide. As an example, in 2018 a Southwest Airlines 
Boeing 737-700 experienced a failure of the left CFM International engine (CFM-56-
7B) and the loss of an engine inlet and cowling during ascent resulted in the fatality 
of one crew member and a passenger. The National Transport Safety Board’s initial 
examination of the airplane revealed that the majority of the inlet cowl, including the 
entire outer barrel, aft bulkhead, and the inner barrel of the containment ring was 
missing. Fan blades recovered from the flight showed signs of fatigue cracking which 
was detected by ultrasonic methods [12]. Also some of the recent studies conducted 
by industry [13] show that early detection of damage can save great expense and 
increase the lifespan of a structure, thereby providing value to industry and society in 
general. Therefore, a technologically and economically feasible SHM method to 
identify and assess defects/cracks in structures at an early stage of formation is 
essential to safeguard the structural integrity and operation throughout the service life. 
These SHM systems can be widely adopted to monitor the behaviour of structures 
during forced testing conditions.  
 1.2.2  Sensors for Structural Health Monitoring Applications  
  Various sensors which are being utilised for SHM include strain gauges, 
acceleration sensors, MEMS (micro-electromechanical systems) together with 
wireless data acquisition systems [14, 15],  PZT sensors, electrical time domain 
reflectometers, laser Doppler vibrometer (LDV) and fibre optic sensors. Other 
traditional NDT techniques are ultrasonic scanning, the eddy-current method, 
radiography and passive thermography are also used in SHM applications. Among 
these PZTs are one of the prevalent technologies for SHM in many engineering fields, 
due to their unique integrated functions for sensing and actuating, their light weight 
and variety of shapes and sizes [16]. 
PZT works on the principle of   piezoelectric effect and  measures changes in pressure, 
acceleration, temperature, strain, or force by converting them to an electrical charge. 
PZTs were  proposed into SHM of civil infrastructures as an active sensing technology 
based on the measurement of electrical impedance and elastic waves [17, 
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18].  However PZT sensors require pre amplifiers and signal conditioning units for all 
the sensors and they also have limitations to be used in harsh environments like at high 
temperatures or high-voltage environments and also have a low power handling 
capacity [19, 20].  
Other sensors that often used in SHM are strain gauges and accelerometers, 
which are relatively mature, but their wiring is cumbersome for advanced SHM 
applications[7]. Non-contact measurements using LDV, ultrasonic scanning etc  have 
been investigated by several researchers, but their use in in-service conditions is often 
limited due to the harsh operating condition and also as it is  time consuming [21]. 
MEMS  accelerometer are also often used which measures  structural vibration 
induced acceleration and the signal can be electronically integrated. 
Compared to these existing technologies optical fibre sensing technology are 
particularly advantageous since they are capable of carrying out integrated, 
distributed, quasi distributed and remote sensing operations. Further details of optical 
fibre sensors are provided in section 1.3 and 1.4.  
  1.3 Introduction to Optical Fibre Sensors  
Sensing has become a key empowering technology in many areas, from 
entertainment technology to health, transport, architectural and many industrial 
technologies. In countless such advanced applications where miniaturization, 
sensitivity, and remote measurements are vital, OFS–based sensing techniques can 
provide novel solutions [2]. Optical fibre sensors can be described as a system through 
which physical properties interact with the guided light propagating through an optical 
fibre to produce an optical signal which is modulated by information related to the 
measurement parameters. OFSs have the potential to measure strain, pressure, force, 
rotation, acceleration, electric and magnetic fields, acoustics and vibration, 
temperature, humidity, pH and viscosity and can detect biological molecules, 
chemicals, viruses, bacteria and DNA [2]. As a result of this, optical fibre sensors have 
developed as a powerful and rich technology that is currently being implemented in a 
wide variety of applications [22,23]. The other useful characteristics of the OFS 
technologies include invulnerability to many types of interference, reliability and 
versatility, small and light weight, robustness and resistance to harsh environments, 
high sensitivity, ability to sense a lot of parameters such as strain, pressure, corrosion, 
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temperature and acoustic signals, chemical inertness and bio compatibility. OFSs are 
classified in many ways and one such classification depending on their working 
principle is given in Table 1.2.  
 






OFSs operate by modifying one or more properties of light propagating through the 
fibre and depending on the optical signal property they modify are classified mainly 
into four categories namely intensity modulated sensor [24], phase modulated or 
interferometric sensor [25, 26], polarisation modulated (polarimetric) sensor [27], and 
wavelength modulated or (spectrometric) sensors [28-29]. Intensity modulated 
sensors are affected by power fluctuations of the source, coupler loss and absorption 
effects [30] and changes in temperature and vibrations influence interferometric 
sensors.  
Another approach to classifying OFSs is based on their spatial positioning and they 
are classified into point, distributed, quasi distributed and integrated sensors. A point 
sensor can sense measurands from discrete points and has spatial multiplexing 
capability depending on the type of sensor used. Distributed sensors can provide 




Variation of light 
intensity 
Evanescent field sensor, micro 
bend sensor, macro bend sensor 
Interferometric Using phase of light 
beam 
Mach–Zehnder, Michelson, 
Fabry–Perot, and Sagnac 
interferometers. 
Polarimetric Changes in state of 






wavelength of light 
Rayleigh, Brillouin 
and Raman scattering 
in optical fibres 
Bragg grating , fluorescence 
and black body sensors 
OTDR based Rayleigh, OFTDR 




spatial and temporal information of measurands from any point along a fibre with a 
certain resolution. This type of sensor has more weight and space efficiency and hence 
is one of the best options in SHM of civil infrastructure and aviation. Distributed fibre 
optic sensors (DFSs) are often categorized based on the interrogation method and the 
physical effect supporting the operating principle which are optical time domain 
reflectometry (OTDR) and optical frequency domain reflectometry (OFDR), based on 
Rayleigh, Raman and Brillouin scattering [31, 32]. Quasi distributed sensors can 
obtain information from particular and predetermined points along a fibre and it is 
considered to be intermediate between point and distributed sensors. Integrated 
sensors can measure perturbation over the sensing length of the fibre. Among the 
different types of fibre-optic sensors, the spectrally modulated quasi distributed fibres 
based on grating technology are the FBGs and they are widely used and considered as 
the most popular technology for implementing health-monitoring systems due to their 
localized and multiplexed sensing capability [2, 33-34], good linearity and resistance 
to harsh environment in comparison with other sensors [35]. 
OFSs are used to monitor the conditions within oil wells and pipelines, railways, 
aircrafts, and wind turbines. Fibre optic sensors can contribute to improving safety, by 
detecting and locating impending failure or damage in critical structures and 
components, for example, in the aeronautical and civil engineering sectors. Therefore, 
SHM application has emerged as a promising field of application for optical fibre 
sensors. 
 
 1.4 Fibre Bragg Gratings 
FBGs are the most commonly employed fibre optic sensors in SHM applications since 
their invention in 1978 [36]. An FBG in its most basic form comprises a short section 
of single-mode optical fibre, in which the core refractive index is modulated 
periodically using an intense optical interference pattern [37], typically at UV 
wavelengths in the range of 244 nm to 248 nm. This periodic index-modulated 
structure enables light to be coupled from the forward propagating core mode into a 
backward propagating core mode, thereby generating a reflection response. The peak 




𝜆𝐵  =  2𝑛𝑒𝑓𝑓  𝛬,      (1.1) 
where Λ is the grating period and neff is the effective refractive index of the fibre. The 
basic principle of an FBG is illustrated in Fig 1.2.  
In standard FBGs the diameter of the core is circa 8 µm and that of cladding is 125 
µm and length is about 1 to 20 mm with a grating reflectivity above 90% [37]. FBG 
sensors have mainly two types of protective coatings, acrylate and polyimide with 
outer diameter of ~250 μm and ~150 μm, respectively [38,39]. Typical acrylate coated 
FBGs can operate in a temperature range of -20 ºC to 85 ºC, whereas, polyimide coated 
FBG sensors can withstand a greater temperature range, from -200 ºC to 350 ºC.  
  
Figure 1.2: Schematic representation of FBG and its operating principle  
 
 1.4.1 Reflectivity of FBGs 
The reflectivity of an FBG can be calculated using the equation [40],  
             𝑅 = 𝑡𝑎𝑛ℎ2 𝛺,                (1.2) 
where    𝛺 =  𝜋𝑛𝑒𝑓𝑓  (𝐿/𝜆𝐵)(𝛥𝑛𝑒𝑓𝑓/𝑛𝑒𝑓𝑓 )𝜂(𝑉 ) (1.3) 
The factor 𝜂(𝑉 )  ≅  1 − 1/𝑉 2, 𝑉 ≥  2.4 is the fraction of the integrated fundamental 
mode intensity contained in the core (V is the normalized frequency of the fibre). It is 
seen that R is directly proportional to the grating length L and the index perturbation 
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Δneff/neff which is normally determined by the exposure power and time of the UV 
radiation for a specified fibre.  
The full width half maximum (FWHM) bandwidth, Δλ, of a grating is approximately 











   ,      (1.4) 
where s∼ 1 for strong gratings (near 100% reflection) and s ∼ 0.5 for weak gratings, 
and N is the number of grating planes. Because the change in the index is small, the 
main contribution to the spectral width change is attributed to the change in the 
modulation depth of the index perturbation. 
 1.4.2 Sensing using FBGs 
The peak reflected Bragg wavelength is sensitive to a range of physical 
parameters, such as strain, pressure, temperature, vibration and other external 
parameters. The sensitivity of the Bragg wavelength to temperature arises from the 
change in the period associated with the thermal expansion of the fibre, coupled with 
a change in the refractive index arising from the thermo-optic effect. For the 
measurement of a temperature change ΔT, the corresponding wavelength shift is given 
by, 
              𝛥𝜆𝑇 = 𝜆𝐵(𝛼0 + 𝛽0)𝛥𝑇 ,  (1.5) 
where α0 and β0 are the coefficient of thermal expansion and the thermo-optic 
coefficient of the fibre, respectively.  
The strain sensitivity of the Bragg wavelength is due to the change in the pitch of the 
FBG and changes in the refractive index of the FBG can arise due to the strain-optic 
effect when an external strain is applied. The strain-induced wavelength shift is given 
as, 
𝛥𝜆𝐵𝑆 = 𝜆𝐵(1 − 𝜌𝛼)𝛥𝜀,   (1.6) 
where ρα is the photo-elastic coefficient of the fibre and Δε is the induced strain. The 
photo-elastic coefficient is given by,         
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              𝜌𝛼 =
𝑛2
2
[𝑝12 − 𝑣[𝑝11 − 𝑝12]] ,  (1.7) 
where 𝑝11 and 𝑝12 are the components of fibre optic strain tensor and ν is the Poisson 
ratio. Thus by measuring the wavelength shift of the peak reflected signal from the 
FBG, a change in temperature or strain can be calculated. 
The AE measurement capability of an FBG is correlated with the strain 
sensitivity where the Bragg wavelength exhibits a change due to the change in the 
grating pitch and refractive index via the strain optic effect, when an AE induced 
dynamic strain is experienced by the FBG.  
Compared with other OFSs, FBG sensors have multiple advantages such as 
simplicity, compactness, light weight, intrinsic sensing and multiplexing capability 
and their ability to be written into the fibre without changing the fibre diameter. 
Therefore, FBGs are considered as one of the most propitious developments in the 
area of the sensing. However, for any fibre-optic sensor, the cross-sensitivity to 
temperature and strain is a critical issue that needs to be addressed [42]. This issue has 
been a subject of intensive research and there have been many researchers who have 
worked on this problem and proposed a number of configurations. Various methods 
to overcome the cross sensitivity include design of sensors with multiple 
superimposed FBGs at various wavelengths. Such approaches have reported 5 oC 
and 10 µε errors for temperature and strain respectively. Other approaches for 
solving the cross sensitivity of FBGs is to design sensors insensitive to temperature or 
to develop interrogation methods to aid in the differentiation of temperature and strain. 
Most such techniques rely on two different types of FBGs, that involve either complex 
gratings or special fibres and some require optical elements [43]. Using more fibre 
elements or other devices can increase the system cost and complicate fabrication of 
the sensor head, therefore it is highly desirable to use a single intrinsic fibre technology 
rather than extrinsic techniques to distinguish between strain and temperature.   
 
 1.4.3 FBG sensors for SHM applications 
FBG sensors are now emerging from the laboratory to real world applications 
such as sensing elements for SHM in civil infrastructures like high rise buildings, 
12 
 
bridges, tunnels and dams and in applications like aerospace engineering, mining, oil 
and gas industries and offshore platforms [35]. For operating structures FBGs can be 
surface attached and for state of the art sensors they can be embedded into the structure 
during construction without any serious effect on the structural integrity [35]. FBG 
based acoustic emission measurement sensors are potentially a new area of research 
which overcomes the shortcomings of the conventional methods such as PZTs . FBG 
sensors seem to be ideal for realising so-called `fibre-optic smart structures’ where 
fibre-optic sensors are embedded in (or attached to) the structure for achieving a 
number of technical objectives, such as health monitoring, impact detection, shape 
control and vibration damping, via the provision of real-time sensing information, 
such as strain, temperature and vibration [44]. FBGs were bonded to the pre stressing 
tendons and embedded in the concrete. FBG sensors have been used in SHM of 
bridges by many researchers [45-47].  an example of which is the first bridge in 
Canada to be monitored with FBGs: the Bennington trial bridge in Alberta. A total of 
20 FBGs were fitted and measurements were made and no damage to the structure 
was found [48].  
Changes in various parameters like load and displacement can be assessed to 
ascertain the health of excavation and mines and FBGs are ideal for this compared to 
strain gauges or other electrical sensors due to their ability to be multiplexed and to 
their property of resistance to electromagnetic interference. FBGs are ideal for marine 
SHM due to their ability to resist corrosion and their multiplexing capability. A 16-
channel wavelength division multiplexing (WDM) FBG dynamic strain sensing 
system with interferometric detection has been successfully developed by researchers 
and used in the design and fabrication of a catamaran [49]. Many researchers have 
conducted studies into the SHM of aircraft using embedded and surface attached 
FBGs. The use of composite materials with embedded FBG systems can lead to 
reduction in weight and maintenance expenditure of the aircraft , increased inspection 
intervals and therefore to enhanced performance [50]. FBG strain sensors also have 
an important application in the field of geodynamical monitoring [51]. Some examples 
are the study of rock deformation, fibre-optic geophones and vertical seismic profiling 
[52]. Geodynamic monitoring in seismic areas has been proved to be an effective aid 
in forecasting major hazards. 
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Scientists have found that FBG sensors through AE monitoring can be 
effectively used for SHM of metallic and composite structures and such sensors are 
gaining popularity [53-55]. All the current studies reviewed so far have focused on the 
application of unpackaged and embedded FBGs in various SHM applications. To date, 
no research has been reported on the application of packaged FBGs, especially 
magnetic surface attached ones for SHM. The research reported in this thesis, 
therefore, aims to examine the reliability of magnetic packaged FBGs for on-line 
process monitoring, in-situ defect identification, and simultaneous measurement and 
mapping of crack induced AE. Though considerable work has been done on FBG 
based AE sensors, the thermal erasure of FBGs at high temperatures is a stumbling 
block to their use in high temperature applications. State of the art devices that operate 
in harsh environments should be able to resist high temperatures and must be able to 
endure annealing, degradation and ageing. We have investigated these magnetic 
metallic packaged FBGs for use in welding as a proof of concept with a temperature 
range upto 200 oC (using a high temperature capable FBGs, packaging thus materials 
temperature range can be enhanced). Such high temperature capable sensors will 
establish a new generation device for live diagnostics of aerospace, welding, 
temperature and pressure sensing for deep and hot oil bores, power plants , furnaces 
and chemical reactors. 
 1.5 SHM in Welding  
 1.5.1 Hydrogen Induced Cold Cracking in Welding 
Presence of hydrogen atom contamination in alloys has adverse effects on 
material properties, which can cause damage at the nanometre scale levels and 
therefore it is difficult to observe the final fracture in a structure in the initial stages. 
Hydrogen (H2) embrittlement occurs during welding when hydrogen is trapped 
between the welded regions and as the weld cools down the trapped gas releases a 
force which grows to break the metal since the strong force spreads in all directions. 
A photograph of cracks in a pipeline due to poor welding quality is shown in Fig 1.3. 





HICC can be prevented by welding towards areas of less constraints, pre 
heating the weldments, using austenitic fillers and using a weld metal which is more 
ductile. Sufficient preheat allows more time for hydrogen to diffuse out of welds and 
forms less susceptible microstructure (non martensitic). Austenitic weld metal is less 
susceptible to HICC as it prevents hydrogen from entering the heat affected zone 
(HAZ). HICC can be repaired by removing the elements and re-welding them. There 
are several methods by which hydrogen makes the way into the material among which 
the main way is through welding consumables [56]. Monoatomic hydrogen (H) or 
diatomic hydrogen (H2) is introduced into the weld from hydrogenous compounds in 
the vicinity of the weld like paint, corrosion, moisture and grease. This H tries to attain 
equilibrium and will be attracted to high energy areas in the microstructure of the 
matrix of the weld and in doing so interacts with other microstructural features and 
this migratory diffusion of monoatomic hydrogen is thought to be the basis of 
formation of HICC [57]. This hydrogen also decreases the cohesive force between 
metal atoms. There are various parameters which affect the rate of diffusion of 
hydrogen, namely temperature, microstructure of metal, solubility, residual stress and 
the trapping effect and this is shown in Fig 1.4. HICC can be avoided by using low 
hydrogen electrodes, or preheating the substrate above 150 oC [58]. The hydrogen 
content can also be treated by post weld heat treatment (PWHT) and it has been shown 
that PWHT at 740 oC for 2 hours brought down the effect of cold cracks significantly 
[59]. 
   
Figure 1.3: Failure due to cracks in a pipeline 
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 1.5.2 Acoustic Emission based Cold Crack Monitoring 
In welding the level of defect in a weld determines the soundness of the weld. 
This is an example of high temperature environment where SHM is required. Welding 
defects the discontinuities that occur during the welding process and mainly depend 
on the parameters such as the type of the defect, the location of the defect, the 
orientation of the defect. Cracks in welds can be formed mainly during the welding 
process itself or later as a result of residual stress. NDT of the weld has been advancing 
to produce high quality and highly reliable welds. This includes post weld detection 
such as liquid penetrate inspection, film radiographic test, phased array techniques, 
application of a probing or inspection medium, radiography, scanning the welded 
plates and pipes sonographically and taking their digital image and by ultrasonic test 
[60]. Of these diagnostic and monitoring methods, ultrasonic phased array techniques 
are the most advanced technique to detect and characterise the HICC in line pipe 
steels. In the ultrasonic phased array, an array of crystals is used to generate the 
ultrasonic waves which are controlled by software for time delays and can be focused 
to a definite depth [60].  
The AE method to detect cracks during welding was employed a few decades ago by 
CK Fang et. al (1995) who accelerated the process of HICC electrochemically by 
cathodically charging the weldments with hydrogen [61]. The AE signals which were 
generated due to this cracking were recorded and the crack propagation was studied 
and monitored [62]. AE signals are generated while the welding process is in progress 
and are highly effective for real time and continuous monitoring [63]. A relationship 
between the AE parameters and fatigue crack propagation was also reported by 
Bruzelius and Mba in 2004 [64] and Robert and Talebzadeh in 2003 [65]. Nakagawa 
et. al. studied the time frequency analysis of AE and detected small cracks [66]. In 
surface cracks the defects are formed inside the heat affected zone (HAZ) which 
 
Figure 1.4: The location of cold crack formation inside the metal and the causes 




makes it extremely difficult to detect the location of the cracks. Though several 
methods are available to minimize cold cracks during welding [67], it is still under 
research and the need to monitor the crack activities still exists. Typically, cold cracks 
are not detectable until the metal cools to a temperature of about 200 °C [68] and 
therefore real time monitoring of crack activities would enable engineers to control 
the welding parameters more accurately to minimize the cold cracks.  
 1.5.3 FBGs for Cold Crack Monitoring 
The development of new methods has enabled engineers to control the 
parameters and thereby minimise cold cracks by employing optical fibre sensing 
methods in welding, especially using FBGs. Some previous work on FBG based 
sensors for welding applications such as residual stress and temperature monitoring 
shows the feasibility of employing optical fibre sensing methods in welding [69, 70]. 
Suarez et. al used FBGs bonded on the underside of the welding plate to measure both 
dynamic and residual stresses generated in the HAZ [69]. Moreira et. al used two 
FBGs having 30 mm long gratings to measure the temperature of welded plates and 
compared the value using thermocouples and thermography Results obtained with 
FBGs were in close agreement with other measured values [70].  
 1.6 Research Objectives of the Thesis and Overview of Chapters 
The primary focus of this research is to develop a real-time novel state-of-the-
art SHM system based on FBG for AE monitoring. Currently  the existing AE 
measurement sensors  including FBGs are not capable for use in high temperature 
applications, and lack self-adhesion characteristics such as magnetic attachment to the 
substrate structure. To overcome this, a novel new generation state-of-the-art metal 
encapsulated magnetic FBGs which is surface attachable and reusable is proposed. As 
a proof of concept of the proposed technology, crack monitoring in welding 
applications is selected due to its high temperature environment and further potential 
for use in oil and gas pipelines where self-adhesion is preferred.  
Thus the primary objectives of this thesis study are as follows: 
➢ Demonstration of the application of FBG based AE sensing system for SHM;  
➢ Develop suitable signal processing tools for AE data processing analysis; 
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➢ Design and development of a unique way of embedding FBG in the metal 
without affecting the FBG’s sensing capacity and enabling its reuse;  
➢ Crack monitoring at the micrometre and nanometre levels in welding using the 
developed system as a proof of concept of the technology;  
➢ Mapping and locating the occurrence of cold cracks during the process of 
welding.  
Thesis is organized as follows starting with Chapter 2. 
 
Chapter 2:- Fibre Bragg grating based acoustic emission measurement system 
for structural health monitoring applications 
This chapter presents a comprehensive literature review of the various FBG 
based AE sensors and their interrogation methods. Following this extensive literature 
review a gap is identified in the published research that must be filled for the usage of 
highly sensitive state of the art FBGs for SHM in high temperature applications such 
as welding. 
 
Chapter 3:- AE data analysis methodology  
This chapter presents a comprehensive study of the analysis, denoising and 
monitoring of acoustic emission data from the FBG sensing system using signal 
processing tools. Once the AE data is recorded, signal processing tools are used to 
analyse these signals. The AE signal thresholding and denoising are therefore 
significant steps in the data processing of AE data from FBG sensors measured by AE 
interrogators. A graphical user interface (GUI) in MATLAB for signal thresholding 
and wavelet denoising for processing the AE data has been developed and is presented 
in this chapter. 
 
Chapter 4:- Design, fabrication and characterisation of magnetic metal 
encapsulated FBG sensors  
This chapter presents the experimental development of a new generation metal 
packaged magnetic FBG sensor using stainless steel and tin, together with high 
temperature resistant samarium cobalt magnet. These packaged sensors can be placed 
in direct contact with the substrate structures such as iron pipelines and other 
ferromagnetic components without any adhesives, making them easily detachable and 
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reusable. The design of packaged FBG was characterised for load, temperature and 
vibration and these experiments were validated numerically using FEM through 
ANSYS [71]. 
Chapter 5:- The study of directional sensitivity of fibre Bragg gratings for acoustic 
emission measurement  
This chapter presents and highlights the unique property of directional 
sensitivity as observed in different types of FBGs towards AE induced by the impact 
of metal ball dropped onto a metallic substrate. The results obtained from the FBGs 
are validated by comparing them with FEM modelling and with analytical predictions. 
 
Chapter 6:- Application of FBG based acoustic emission detection system in 
crack monitoring in welding  
This chapter presents a comprehensive study of crack monitoring during 
welding using a set of 3 FBGs including the framework, experimental arrangement, 
data acquisition and subsequent analysis. Cold crack monitoring of the welding is done 
using a set of 3 polyimide coated FBG sensors, both packaged and unpackaged. The 
crack locations are theoretically predicted using a method of linear localization based 
on the differences in the time of arrival (ToA) of the AEs on to different FBG sensors. 
For further clarification, the base plate on which welding is done is cut and a section 
of it is placed under a scanning electron microscope (SEM) to cross check the presence 












Fibre Bragg Grating based Acoustic Emission Measurement System 
for Structural Health Monitoring Applications  
 
Fibre Bragg gratings are an excellent option to monitor micro cracks in 
engineering structures due to their ability to measure crack induced acoustic emissions 
and thereby have a great potential in SHM to ensure the safe operation of structures. 
In this chapter, various methods and technologies to monitor AE using FBGs have 
been reviewed and discussed. This comprehensive review provides a detailed 
evaluation of the evolution of various FBG based AE systems from the outset to state 
of the art for acoustic and ultrasonic sensing for their use in different SHM 
applications. Recent trends and future challenges for AE sensing interrogation 
methods are also discussed. 
 2.1 Introduction  
It is known that civil, aerospace, marine, pipeline, and mechanical 
infrastructures deteriorate after being built due to ageing induced cracks, man-made 
hazards such as vehicle collisions and blasts, and natural disasters such as earthquakes 
or hurricanes as mentioned in chapter 1 [72-74]. As the above mentioned sectors are 
strategically important to human life and safety, it is important to establish procedures 
to assess the deterioration of the structures over their serviceable life to facilitate the 
maintenance and/or rehabilitation planning processes in this modern society that 
encourages sustainable development. With the advances in optical fibre sensor 
systems especially FBGs, data acquisition, data communication and computational 
methodologies, instrumentation based monitoring has been a widely accepted 
technology to monitor and diagnose structural health. For currently existing structures, 
FBG sensors can be affixed onto the exterior, and for new structures, these FBGs can 
be implanted into them during the construction phase without any deleterious effect 
on their structural integrity [35]. The data from such SHM systems can provide early 
warning for jeopardised integrity of structures and thus help avoid severe losses. Such 





 2.2 AE Sources and Events  
AE refers to the generation of transient elastic waves during the rapid release 
of energy from localized sources within a material, which occurs due to the initiation 
and/or propagation of a crack in metals, surface degradation, including corrosion and 
delamination and matrix cracking in the case of composite materials. These acoustic 
waves can travel through all materials except vacuum [75]. As a crack propagates in 
a material, molecular bonds are broken and thereby release small amounts of energy. 
The energy released spreads throughout the surrounding material in the form of strain 
waves. These waves are minute deformations in the material with frequencies ranging 
from a few kilohertz to 3MHz. Other phenomena which can generate AEs include 
plastic deformation, inclusion or precipitate fracture, de-bonding of coatings, 
reversible processes like crystallographic phase transformations, melting or 
solidification, thermo-elastic effects, ferromagnetic and ferroelectric domain wall 
motion and friction between surfaces, fabrication processes like welding noise, 
rolling, forging, machining, drilling, mixing, grinding and valve sequencing and leak 
and flow like flow of single and two phase fluids and particles, leaks, gas evolution 
and boiling [76]. The position of naturally occurring AE sources is normally unknown 
and in order to locate the spatial location of a source, its orientation and magnitude, 
the source in three dimensional space should be located. Source localization can be 
calculated based on the arrival time differences of AE signals to various locations 
where the sensors are placed. Many researchers have studied the evolution of the 
amplitude of AE signals received during bending tests and fatigue tests on various 
samples. 
A typical AE waveform is shown in Fig 2.1, which is generally a mixture of 
signal and noise. In order to discriminate between the noise and the signal a threshold 
value is set up assuming any signal which goes above the threshold value is to be 
considered as an AE. The amplitude of the AE represents the magnitude of the event 
and rise time is the interval between the time a signal is set off and the time when it 
reaches the maximum amplitude. AE duration and energy will also provide crucial 
information about an event. AE duration is the time taken from the triggering of the 
signal to the time the signal falls below the threshold value, while energy is measured 
as the area under the rise time and above the threshold. Transient AE waves can be of 
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three types - bursts, continuous and mixed [77]. Bursts are generated by defects 
according to the damage mechanisms and have shorter durations than the other types 
of transient waves. Continuous AE transients are produced when various signals 
emitted from many sources overlap in such a way that the amplitude does not fall 
below the threshold level. The background noise and rubbing in the structure are the 
main sources of continuous emission. Relevant AE information might be buried by 
noise preventing the identification of particular damage. Mixed AE transients combine 
bursts and continuous signals. They can be provoked by damage growth and 
accumulation and are often superimposed with ambient noise and rubbing [78, 79]. 
 2.3 AE Monitoring Methods for SHM  
There are several technologies being used for SHM currently such as methods 
based on the measurement of elastic waves, electromechanical impedance, vibration, 
strain sensitivity, magnetic particle, eddy current, radiography, ultrasonics and many 
others that can determine the location, severity, and extent of damage [80]. NDT is 
emerging as a key player in SHM due to its ability to establish correlations between 
non-destructively measured physical or derived parameters and quantitative 
information about anomalies [81]. Among the different techniques of NDT to detect 
the defects in the structure, the AE measurement technique, which detects stress waves 
generated by defects in materials and thereby allows continuous and real-time 
structural monitoring is well-known.  
 




Current NDT technologies to measure AE employ sensors based on piezo-
electric ceramics, especially PZT systems, field-programmable gate arrays, and 
Fabry–Perot (F-P) interferometers [82-84]. Though PZT based systems are the most 
common ones, they are not well suited to monitoring micro/nano crack activities and 
are unable to determine cracks deep inside the structures, have a tendency to de-bond 
or fracture under large stress and are bulky and susceptible to EMI. In addition to the 
above limitations, their size is not suitable for being embedded into a material without 
adversely affecting the material’s integrity. They also have limitations when used at 
high temperatures or in high-voltage environments and also have a low power 
handling capacity [85, 86]. These NDE techniques as discussed in chapter 1 are 
effective in detecting damage to materials and structures but less effective in 
monitoring the micro crack nucleation and propagation. Moreover these methods are 
more suited for laboratory conditions and due to their size and weight have certain 
constraints to be used for in situ SHM [8, 87]Therefore, there is a great need to 
implement advanced and new types of sensors that can be integrated with structures, 
such as the ones based on optical fibres, allowing the in-situ monitoring of structures 
for micro cracking activities that are precursors to major failure. 
OFSs are considered as an excellent technology with the highest potential for 
continuous real-time monitoring owing to their accuracy in carrying information, 
invulnerability to different types of interference, high reliability and versatility, small 
and light weight, high bandwidth, robustness and resistance to harsh environments, 
high sensitivity, ability to sense several parameters—strain, pressure, corrosion, 
temperature, and acoustic signals—chemical inertness, bio compatibility, and ability 
to be integrated into the system [88,90]. As mentioned in chapter 1 among the different 
types of OFS’s, FBGs are widely used and considered the most popular technology 
for implementing health-monitoring systems [33]. Furthermore, their multiplexing 
capability offers the possibility to dramatically reduce the cumbersome wiring 
requirements of traditional OFSs [34].  
There are different kinds of AE OFS technologies such as F–P cavity sensors, 
fibre optic ring resonator sensors, fibre optic coupler AE sensors, and FBG AE sensors 
[91-99] which have their own advantages and disadvantages and are discussed in 
detail in the following sections. There are still many concerns to be resolved for 
developing a compact, accurate, stable and economical FBG AE interrogation system 
for large scale commercial engineering applications. This review provides the current 
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landscape of the various FBG based technologies for AE detection and its advantages 
and pitfalls. 
2.4 Traditional FBG Interrogation Systems and their Inability for AE 
Monitoring  
The interrogation system for FBGs plays an important role in determining 
measurand parameters such as sensitivity and range as it extracts the measurand 
information from the optical signals collected from the sensor heads. This information 
is typically encoded in the shift of the Bragg wavelength; therefore, interrogators are 
typically used to create a readout of the wavelength shift and provide measurand data 
[100]. The general requirements for an ideal interrogation method are high resolution 
and accuracy with a large measurement range, compatibility with multiplexing, high 
measurement speed, and cost effectiveness. Typically, a wavelength shift detection 
resolution ranging from sub-pico meters is required for most applications. A wide 
wavelength range (tens of nanometers) is required when the interrogating multiple 
FBGs have different Bragg wavelengths and should be able to cope with multiplexing 
topologies, such as WDM. The cost of an interrogation system should also be 
competitive with that of other optical sensors or conventional electrical sensors [101]. 
In order to measure an AE-induced strain wave, the main hurdles to overcome 
are high data acquisition rate and sensitivity that is needed to recreate the AE signal and 
the amount of extraneous noise that the sensor detects through vibration and other 
interference. The conventional commercial FBG interrogation system is limited by its 
measurement frequency range of operation (most commercial systems are in the range 
of 1-10 kHz) and sensitivity (1-10 με) that would limit the system to measure AE 
signals. An ideal acoustic interrogation system should be one that can at the best be able 
to work in a frequency range of upto 10 MHz or higher and should have the capability 
to detect pico and femto strains as the AE induced strains from micro and nano-
cracks/defects in structures would be in this range. Hence FBG interrogation system 
typically needs sub-micron wavelength resolution and high-frequency measurement 
capability for AE detection. The standard spectrum interrogation methods utilizing an 
optical spectrum analyser (OSA) and any other commercial interrogation systems with 
low resolution, low strain sensitivity, and low data acquisition rate cannot satisfy the 
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requirements of accurately detecting dynamic variations in an FBG’s central 
wavelength that are induced by AE events. 
 2.5 FBG Interrogation Systems for AE Monitoring  
There are several approaches to effectively measure AE events using an FBG 
based system. Most FBG interrogation systems for detecting an AE signal operate on 
the principle of converting the dynamic shift in reflected Bragg wavelength into 
intensity variation of the output signal using an optical filter. Approaches have also 
been made by using an interferometer, where the dynamic shift in the reflected Bragg 
wavelength is converted to a change in phase of the output signal. In either of these 
methods, the acoustic signal-induced shift in the Bragg wavelength corresponds to 
either intensity or phase shift of the output wavelength and can be interpreted using 
signal processing systems to detect the defect in the structure [102]. Based on this 
operating principle we have classified the technologies into major groups as listed 
below. 
 2.5.1 Power Detection and Edge Filter Detection Methods  
In the power detection [103] method, a broadband source is used to illuminate 
an FBG and a filter is used to demodulate the Bragg wavelength shift by converting it 
to an optical intensity shift. This method has multiplexing ability, but it has relatively 
low sensitivity because of the physical nature of the broadband light source. On the 
other hand, in the edge filter technique [45, 104, 105] a tunable laser source (TLS) is 
used to adjust the source wavelength to the linear region of the FBG signal spectrum. 
In this method, a spectrally dependent filter is used to detect any dynamic shifts in the 
FBG wavelength spectrum and converted to intensity variation by the wavelength 
dependent filter. The sensitivity is relatively high for edge filter detection compared 
to power detection method as the noise level in the TLS is lower than that of the 
broadband laser source. A number of different edge filters are reportedly used, such 
as a matched FBG, a linear edge absorption filter, an interference filter, a WDM 
coupler, an arrayed-wave guide grating (AWG), and a dense wavelength division 
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multiplexing (DWDM) filter. Optical configurations of the edge filter and power 
detection methods are illustrated in Fig 2.2 (a) and (b) respectively [105]. One of the 
earliest studies of FBG-based AE was conducted by Perez et. al. in 2001 [98] where a 
matched FBG was used to demodulate the detected optical signal. C.Hu et. al. and 
Wilde et. al. also used the edge filter interrogation methods to measure AE events 
[105, 106]. A multi-parameter all fibre optic-based structural health monitoring (AFO-
SHM) was also demonstrated by C.Hu et. al. Their system was used to measure the 
strain, temperature, and cracks using a single mode -multimode fibre configuration 
and employing an edge filter interrogation technique [106].  
2.5.2 AE Detection Using an Optical Fibre based F-P Sensor and Quadrature 
Recombination Technique 
The working principle of this system is to combine and launch two optical 
signals with different wavelengths through a 3dB coupler in a FBG-FP cavity. Raja 
et. al. demonstrated that setting the laser wavelengths in quadrature can enhance the 




Figure 2.2. (a) Optical circuits of the edge filter methods (b) power detection method 
[105]   
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AE sensitivity of the system [107]. This is achieved by having one of the lasers tuned 
to the most sensitive region of the spectrum of the cavity and one laser tuned to the 
least sensitive region, as shown in Fig 2.3. Therefore, the first laser signal can be 
expressed as the function of sin (ϕ), and the second laser signal can be expressed as a 
function of cos (ϕ), where ϕ is the phase shift due to AE. The reflected signal from the 
two lasers gathered from the photo detector is processed and recombined employing 
a signal processing system. A fixed frequency (ωc) oscillator carrier signal is 
combined with these signals to generate the sin (ωct+ϕ) signal, which corresponds to 
the change caused by the AE signal [108]. As the wavelengths of the laser are set in 
quadrature, the sensitivity can be improved and measurement of high acoustic 
frequency is possible. However, the disadvantage is that the lasers should be tuned 
manually to the quadrature point and further research needs to be done to make the 
system more compact and to increase its acoustic frequency range. 
2.5.3 FBG Acoustic Sensors by Altering the Physical Configurations of Gratings  
The principle behind this ‘modified FBG sensor’ is the relation between the spectral 
response of the FBG and the ratio of the grating length to the AE/ultrasonic signal 
wavelength. If the wavelength of the ultrasound becomes similar to the grating length, 
the FBG spectrum can be highly distorted because the grating will be subjected to a 
differential internal longitudinal strain gradient. Typically, shorter FBGs are chosen 
 




to enhance the sensitivity to temperature and AE induced strain. An AE sensor with 
wider temperature and strain sensitivity, capable of pure AE detection and having high 
mobility similar to commercially available PZT. has been designed and 
experimentally demonstrated by J. Lee et. al [30]. The FBG based AE interrogation 
system used in this study employs a narrow band tunable laser diode (TLD) source. 
The pitch of the FBG is modulated by the AE generated and the reflected intensity 
variation is detected by the photodiode. The wavelength of the laser is tuned to the 
mid reflection wavelength of the FBG and the strain sensitivity is on the order of 
pε/√Hz, thus suited for acousto-ultrasonic measurements. Lee et. al. reduced the size 
of the FBG to 1 mm length and 125 μm diameter in order to compensate for the fade 
out problem faced by a 10 mm-long FBG as the temperature sensitivity of the FBG is 
10pm/ °C 1 mm FBG has an operating range of 280 pm which corresponds to ±14 oC. 
To make the FBG acoustic sensor mobile, a special sensor head was created 
where FBG was glued onto a small 1.6 mm-thick acrylic plate by Lee et. al, as shown 
in Fig 2.4. This light weight design allows easy propagation of the acoustic waves 
through the acrylic plate. This acrylic plate and the test structure coupled with a liquid 
interphase material such as vacuum grease or water, which makes the sensor head 
highly mobile as any gripping device is totally unnecessary. For this modified FBG to 
be used as an AE sensor for monitoring of structures, the strain sensitivity of the FBG 
should be isolated from the mechanical load induced strain. This changes the Bragg 
wavelength, making the narrowband demodulation impossible. The acrylic base plate, 
introduced to make the FBG acoustic sensor more mobile, also becomes ideal to solve 
 




this problem, because the mechanical strain cannot be transferred into the FBG sensor 
coupled with the silicon grease or water. This design of the FBG sensor head has an 
operating region of 280 pm, highly mobile, immune to interference by mechanical 
strain, allowing the wider operating ranges of ±14 °C and ±112 με in terms of the 
temperature and AE wave-induced strain amplitude, respectively.  
The sensitivity of FBGs was compared by varying the length of the sensor part by 
DC Seo et. al who found that the sensitivity of the longer grating part was higher. They 
also compared using 2 types of sensor heads where one was fully bonded to the sensing 
element and the other was only partially glued at one end and the other end was lying 
free acting like a cantilever. They have shown that cantilever type sensor has high 
resonance frequency and greater sensitivity [109]. Cusano et. al have demonstrated 
that  the sensitivity of FBGs in pressure and acoustic detection can be enhanced by 
coating the grating region with a material of lower elastic modulus than the optical 
fibre [110]. . For a given acoustic pressure, the basic effect of the FBG coating is to 
enhance the dynamic strain experienced by the sensor of a factor given by the ratio 
between the fibre and the coating elastic modulus. According to this, an opportune 
coating can tailor the sensor directivity, the bandwidth and the acoustic sensitivity in 
water [111].Sensitivity can be improved by different packaging techniques 
[112].Sensitivity of FBGs can be enhanced by reducing the diameter of the FBG and 
thereby that of the FBG itself which can reduce the mechanical resistance of the FBG  
[113]. The effects of modifying the various configurations of the sensors on the 
sensitivity are shown in table 2.1. 
Table 2.1 Effect of physical configuration of the sensor on sensitivity 
Modification Sensitivity 
Increasing length of the grating  Higher 
Fully bonded Less 
Cantilever type Higher resonance frequency 
Coating material of less elastic modulus Higher, can tailor directivity and 
bandwidth 
Magnetic packaging Enhances 
Reduced diameter  Enhances  
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 2.5.4 Spectrometric FBG interrogation system  
One of the major challenges when dealing with the AE signal is that the 
interrogation measurement speed should be in the scale of hundreds of kHz to sense 
an acoustic signal, as discussed in section 2.3 In recent years, high speed wavelength 
interrogation techniques have been developed with speeds over 100 kHz. These 
techniques include Fourier-domain mode-locked lasers, wavelength-tunable mode-
locked lasers and wavelength-swept lasers based on fibre vibration which are bulky, 
costly and highly complex. For frequencies below 1 kHz, wavelength sweeping by 
mechanical moving parts such as TLS and F-P filter wavelength interrogation 
techniques are typically used. For the measurement frequency over 1 kHz, Bragg 
wavelength shifts should be converted into optical power by means of suitable optical 
filters without introducing any mechanical moving parts. Suitable filters include 
matching FBGs [98], long period fibre gratings [114], laser diodes [115], and AWGs 
[116]. Schematic of FBG interrogation systems using an AWG are shown in Fig 2.5. 
The reflected optical intensity at the photo detector is altered depending on the shift 
in the FBG spectrum and thus the wavelength shifts can be recorded. The laser diode 
can be replaced with a TLS, which has high resolution and accuracy, but it is costly 
and cannot interrogate multiple FBGs. An AWG can address these disadvantages and 
acts as a wavelength dependent optical filter which has two channels, a rising edge 
and a falling edge. The Bragg wavelength is set halfway between two AWG channels. 
 




Therefore, if there is any shift in the FBG reflection spectrum, it will be detected as a 
change in the optical intensity of the reflected laser source. The AWG is one of the 
main components used in optical multiplexing, such as WDM [7]. A wavelength 
interrogation system, based on an echelle diffraction grating (EDG) based on planar 
light wave circuits technology has been designed recently. This interrogation system 
based on this EDG chip has the same functions and is able to achieve a wavelength 
resolution of less than 1 pm with a measurement accuracy of ±10 pm.  
 
2.5.5 Bragg Grating based laser sensor system with interferometric interrogation 
and WDM 
 
The potential of FBGs to be used as spectrally narrow band reflectors for 
creating in-fibre cavities for fibre lasers has been utilized in this configuration. As an 
example, Koo et. al described the use of FBG based lasers as sensors [117] An 
interferometric detection technique is demonstrated for interrogating laser wavelength 
shifts due to measurand induced laser cavity strain with high resolution. WDM 
approach is adopted to demonstrate the principle of integrating multiple sensors to 
make FBG arrays. The FBG laser sensor (FBGLS) consists of a finite length of 
erbium-doped fibre with an optically matched FBG on either end, that act as the laser 
 
Figure 2.6.: Interferometric interrogation along with WDM [117] 
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cavity. The light from the FBG source is diverted through a WDM coupler to the 
Mach-Zehnder interferometer (MZI) interrogation system as shown in Fig 2.6. Any 
shift in wavelength is converted to interference pattern phase shifts by the MZI [117]. 
The phase modulation is determined by the product of the laser cavity strain and the 
imbalance in the path of the interferometer. For a single-mode FBGLS, the 
interferometer phase shift is dependent on the output wavelength (or optical 
frequency) and the interferometer optical path difference (OPD). The line width of the 
laser emitted is very narrow with correspondingly large coherence length, so that a 
large OPD can increase the sensitivity of the system. A 2π phase shift was introduced 
at the MZI output by applying a test signal to produce strain on the fibre laser cavity 
and the spectral output from the MZI was recorded by a dynamic signal analyzer. This 
interferometer phase noise corresponds to a FBGLS strain resolution of 5.6 x 10-
14/√Hz. The strain resolution was limited by the thermally induced cavity length 
fluctuations of the laser. Similarly, in the multimode FBGLS a strain resolution of 7 x 
10-15/√Hz was obtained. 
 
 2.5.6 Intensity demodulation fibre ring laser sensor system for AE detection  
One of the issues relating to AE is the availability of low cost, high sensitivity 
AE measurement systems. A commonly used FBG interrogation system uses a 
narrowband laser source whose spectrum is tuned to match the central wavelength of 
the linear region in the reflected FBG spectrum, thus performing an intensity-based 
demodulation. As explained in the previous sections, detection sensitivity also 
becomes unstable when the acoustic signal wavelength becomes comparable to the 
length of the gratings. grating wavelength. Having a narrow bandwidth tunable laser 
source also increases the cost incurred for the system; therefore, a fibre ring laser 
(FRL) with a narrow bandwidth tunable optical band-pass filter (TOBPF) was 
demonstrated by Han et. al [118]. The system contains a conventional FBG sensor as 
the sensing element in the cavity of the FRL, which modulates the intensity in 
accordance with the presence of an ultrasonic signal. The extremely narrow bandwidth 
of TOBPF ensures that the FRL strictly sources a frequency in the linear region of the 
reflected spectrum of the FBG. The key benefit of this approach is a highly sensitive 
tool to capture AE signals at low cost. 
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As shown in the Fig 2.7, the FRL consists of an erbium doped fibre that is fed 
by a laser diode along with an optical fibre isolator to ensure that unidirectional lasing 
occurs in the system. When an AE is detected by a conventional FBG, which causes 
the reflected spectral wavelength to shift, the TOBPF in the lasing cavity loop ensures 
that the laser source transmitted spectrum is so narrow that it falls exactly on the linear 
region of the FBG reflection spectrum. In accordance with the strength of the AE 
signal, a spectral shift is observed in the FBG. Furthermore, due to the highly align 
the laser spectrum, or the misalignment caused in the loop, the AE signal causes a 
modulation of the loss of the cold cavity of the FRL. Therefore the output intensity of 
the FRL varies according to the loss modulation. A photo detector placed in the loop 
can detect the variation in output power from the laser, which, in turn, detects the 
presence of an ultrasonic signal. This proposed idea has been theoretically 
demonstrated to be effective in detecting the presence of a high-frequency ultrasonic 








Table 2.2. The commercial FBG AE sensors and their specification [102,119-123] 
  2.5.7 Commercial FBG AE interrogation systems  
Commercially available FBG AE interrogation systems are evolving from 
bench top laboratory instruments that were too cumbersome and heavy to be 
permanently installed in an operational platform to field deployed models with rugged 
designs. Now there are several commercially available FBG-based AE interrogators 
as summarized in Table 2.2 [102]. The AE frequency range of these devices varies up 
to 10 MHz, with a resolution ranging from 0.1 pm to 5 pm and accuracy from 2 pm to 
5 pm. Several emerging applications of FBG sensors where dynamic/AE strain 
sensing is required have prompted many industries to improve their device 
specifications to compete with other traditional systems. 
 
Manufacturer Model Frequency 
property 
(kHz) 










< 0.5 pm 5 pm Impact 
Smartfibres 
Inc. 
Smartscan 25 (Scan 
frequency) 









5 pm  5 pm Impact  
FAESense 585 (AE 
frequency) 











0.1 pm 2 pm Ultrasonic 
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 2.6 Applications of FBG based AE monitoring system and its market potential 
OFSs have their applications in various fields such as SHM, seismic 
monitoring, transformer partial discharge diagnosis, underwater acoustic monitoring, 
aerospace safety, airborne acoustic detection, photoacoustic spectroscopy, 
photoacoustic imaging and other such fields [28,29], this section will discuss the 
applications of the FBG based AE monitoring system in detail. The most common 
applications of FBG AE systems are in SHM for smart structures to monitor initiation 
and propagation of cracks and micro fractures. FBG based AE detection has been 
successfully demonstrated in a wide range of applications such as SHM in the civil, 
aerospace, and marine engineering, human biometric health monitoring in the medical 
industry and several other applications [124].  
In the aerospace sector, the rise in the demand is pushing aircraft to be used 
beyond their service life [124, 88] and hence there is an increasing need and effort to be 
made in inspection and maintenance to ensure the safety of the operating aircraft. 
Research has proven that monitoring of AE can be a low-cost and effective solution to 
this problem. The simplicity with which these sensors can be incorporated in both 
existing and new structures can increase the demand for this technology. The routine 
health inspections for these structures involve not only NDT but also disassembling and 
re-assembling, which may cause more damage to the parts of the vessel. Paving the 
foundation for next-generation technology, smart sensing technology can completely 
eliminate the conventional and complex costs associated with these routine inspections 
and replace them with real-time on board monitoring to improve operational life cycle, 
reliability and safety [125]. Recently, shape memory alloy (SMA) wires were integrated 
into composite structures to create “smart composites” with ability to control the shape 
and mechanical properties of composite structure. FBGs embedded into SMA based 
composites are highly reliable sensors as they are able to provide static and dynamic 
strain information on the SMA actuators’ operation [126]. Detection of impact damage 
either due to bird strike, hail or during ground service operations are also of great 
importance to the aerospace sector. Surface mounted FBGs and high speed interrogation 
systems were used to monitor this impact damage on aircraft. One such example is 
where FBG sensors were used to monitor dynamic strain in a structure simulating a 
typical aeronautical structure and employing a neural network based system to identify 
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damage in a composite specimen. An example of this is shown in Fig 2.8 where the 
FBGs are compared with strain gauges and thermocouples [127]. 
  
In marine engineering and marine applications, the effect of cavitation erosion 
has been the main challenge to structures. The cost incurred to these industries due to 
this cavitation erosion amounts to millions of dollars across the world [128]. Due to the 
damage inflicted by vortices, caused by cavitation, microbubbles build up gradually. 
The micro cavity, which produces ultrasonic shock waves, in turn erodes the solid 
material from the marine structure. These acoustic waves of high frequency are related 
to crack formation and propagation through the surface of the material. Therefore, 
effective AE detection and monitoring systems are required to prevent cavitation 
erosion.  
 
Figure 2.8: Configuration of the flying test bed and sensors. Measurement position 
coordinate is for the FBG, strain gauges and thermocouples on the stringer [127]. 
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There has been tremendous growth in research and development in the field of FBG 
based AE monitoring in SHM for civil engineering applications including buildings, 
piles, bridges, pipelines, tunnels and dams. Apart from the monitoring of bridges as 
discussed in chapter 1 and shown in Fig. 2.9, FBGs are used for monitoring of mines 
by measuring load and displacement using multiplexed FBGs. Civil infrastructures 
with embedded FB with embedded FBGs can predict structural failures. In order to 
protect buildings and structures from shocks which result from earthquakes, piles are 
used. 30 FBG sensors were multiplexed into arrays each containing 6 optical fibres 
for monitoring a 60 ft high and 2 ft diameter marine pile. Among these fibres were 4 
FBGs which were used for monitoring strain and two were used for monitoring 
temperature. The FBGs were monitored using a FP TLS technology [129]. Safe 
monitoring of construction and maintenance of railway tunnels are also demonstrated 
using FBGs. Another example of testing of pile foundations was carried out in a new 
factory in Taiwan, where piles of diameter 1.2 m and length of 35 m were used and 
nine 4 m long gauge fibre optic sensors (LGOFS ) were used to test compression and 
pull out on the pile and strain and load eccentricity. Sixteen 4 m LGFOSs were 
installed to monitor the average curvature, Young’s modulus, longitudinal strain and 
vertical displacement forces on the piles, as well as the properties of soil, critical strain 
when cracks occur in the pile, loading capacity of the pile and failure mode [46].  
Another application of FBG AE systems is in road traffic monitoring. A dynamic 
traffic testing system was developed by Udd et. al. who used 28 specially designed 
FBG traffic sensors among which 26 survived. These sensors had a 0.1 micro-strain 
resolution with a 400 micro-strain range at 10 kHz sampling rate which can satisfy 
traffic monitoring requirements [130]. Another example of the traffic monitoring 
using FBGs was implemented in the I-84 freeway in the USA, to test the sensors and 
the traffic counter over a period of half a year. The sensors were capable of easily 
discriminating tractors, buses and trailers and also the traffic in adjacent lanes as well. 
The signal’s amplitude is closely proportional to the weight of vehicle, speed of a 
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vehicle and the direction of the driving vehicles. The applications of different FBG 





Figure 2.9: FBGs used for monitoring bridges using (1) hanger cable, (2) rocker 
bearing, (3) truss girders [46]. 
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F–P Sensor with Quadrature 
Recombination 
Interferometric and WDM 
Interrogation Approach 
Intensity Demodulation Using FRL 
Application -SHM in aerospace 
-Operational load and 
damage detection 
-Failure detection of 
structures in aerospace 
industry 





-Detection of acoustic 
range signals 
-Application extended to SHM for 












1 μ - - 7 x 10-15ε/Hz  
AE frequency 
measurement 
-Up to 500kHz -Up to 600kHz -Tested for up to 10kHz -Suitable for < 400kHz 
Advantages -Easy to multiplex 
multiple sensors 
-Robust and low cost 
-Easy to install on 
structures 
-Capable of compensating 
for environment perturbation 
-Compatible with different 
fibre optic sensors 
-Very fast response 
-Highly sensitive real-time 
system 
-TOBPF compensates for unwanted 
low-frequency wavelength shifts 
-Robust and simple setup 
-Potentially low cost 
Disadvantages -Trade-off between 
sensitivity and accuracy 
-Difficult in tuning the two 
lasers for initial setup 
-Not cost effective 
-Capable of detecting only 
low-frequency acoustic 
signals 




 As seen above FBGs are one type of low cost sensors with the ability to 
sense various parameters like strain, temperature, pressure and acoustic emissions. 
FBGs possess useful characteristics like multiplexing ability, which make them supreme 
in being implemented in a variety of applications in various fields and industries. FBG 
market comprises sensors, interrogation systems and servicing. The combined present 
global market size of the FBG sensors and arrays segment is estimated to be in the range 
of $15M to $35M USD a year, with an annual growth rate of 15% to 25% [131]. Market 
surveys indicate that at 25.3% compound annual growth rate, the FBG market size is 
expected to reach 2070 million USD in 2024. With proper packaging and publicizing 
techniques, FBG sensing and interrogation industry will grow tremendously in the 
coming years. 
2.7 Conclusion 
This chapter provides an extensive review of the state-of-the-art technology for 
AE interrogation employing FBG optic sensors. The research evaluates the current 
conventional FBG interrogation systems and points out the limitations in terms of their 
application and implementation in AE. Upon advancement in technology, the rise in 
demand of industrial standards has necessitated a periodic structural monitoring for 
various industrial facilities. AE has proven to be an effective indicator and monitoring 
tool for SHM. Replacing the conventional PZT sensors with optical fibre sensors has 
proven to be more efficient in terms of the following: sensitivity enhancement of the 
system; ruggedness of the system; the possibility of multiplexing in sensing systems; 
enhancing the longevity of the installed sensing system; speed of capture/detection of 
an event; immunity to noise/capability to filter out noise as an inherent feature of the 
system. The current costs associated with FBG sensing systems is higher than for 
conventional systems, but with future research in the field of fibre optic sensing and 
wider application, this cost is anticipated to reduce exponentially. Therefore, a 
commercially cost-effective option should be rolled out soon, broadening the scope of 







  AE Data Analysis Methodology  
  
This chapter presents the methodology for the analysis of AE data from an 
FBG based AE sensing system. Typical AE data consists of the original acoustic event 
contaminated with noise and various unwanted frequencies from the 
interrogator/analyser due to sampling and instrumentation related issues. Once the AE 
data is recorded, signal processing techniques are used to analyse and extract the true 
information from the data. The AE signal thresholding and de-noising are therefore 
significant steps in the data processing of AE data from FBG sensors and their related 
interrogators. Effective de-noising and pre-processing techniques will improve the 
signal to noise ratio (SNR) of the AE signal as well as eliminating the unwanted 
frequencies in the system originating from the instrumentation hardware processing. 
A GUI in MATLAB for signal thresholding and wavelet de-noising for processing the 
AE data is developed to process the data obtained in this thesis study. The objective 
of this chapter is to develop a signal processing technique that will eliminate the 
problems of noise in the analysis of AE data to allow the data to be tested in real time. 
Upon completion of the data analysis the amplitude and frequency of the AE signal 
will be known. This knowledge can be used to determine if an AE event has occurred 
and depending on its magnitude, the health of the structure under test can be evaluated. 
 3.1 Introduction 
The increasing use of FBG based AE measurement for SHM subsequently 
implies the need to develop a signal processing technique that will aid in avoiding 
problems of noise in the analysis of the AE data. Several methods were implemented 
by researchers for eliminating the noise components present in the AE data. Different 
methods include AE hit lockout time (HLT), hit definition time (HDT), peak definition 
time (PDT) [77] and methods based on wavelet transformation (WT) tool such as 
Daubechies de-noising and Haar de-noising [132-134]. Among these methods, 
wavelet de-noising method is one of the most commonly used approaches. De-noising 
methods based on wavelet theory include the wavelet coefficient modulus maxima 
method [135], the wavelet correlation method [136], and the wavelet thresholding 
method [137]. The techniques of wavelet transforms have been used by many 
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researchers for the processing of AE data [138,139]. The main property of the wavelet 
transform, as shown by González-de-la-Rosa et. al. in [140] and Qin et. al. in [141], is 
that the wavelet filters that are used to de-noise the signals is effective, although the 
AE signal does suffer some attenuation losses due to the wavelet de-noising transform, 
the AE signal is still sufficient for analytical purposes. Bianchi et. al. [142] proposes 
that the wavelet packet transform, which not only de-noises the signals but offers a 
high possibility for real time monitoring of AE signals in an event based scheme. The 
wavelet thresholding method was used to reconstruct useful AE events by threshold 
determination where the threshold has to be optimised. However if the threshold is too 
low, the noise is retained along with a signal. Alternatively, if the threshold is too 
large, a useful amount of information is filtered out.  
AE measurement using FBG sensors has certain limitations since the typical AE 
data contains background noise from various sources such as Gaussian noise and white 
noise sources. Due to this noise contamination, signal processing and data analysis are 
tedious tasks. Other issues are the high data acquisition rate and difficulty of 
simultaneous data processing. This makes extracting the actual AE event from the 
measured data a daunting task. In the work presented in this chapter, a GUI in 
MATLAB for AE data analysis and de-noising has been propounded. The process of 
de-noising is performed by using a wavelet transform method, where an optimal 
threshold value is selected to eliminate the maximum noise. Once the data has been 
recorded and is ready to be evaluated, time-frequency techniques will be used to 
process the signal and a software package is used to complete wavelet transform de-
noising and perform a short time Fourier transform (STFT) analysis on the signal. 
Misti et. al have emphasized that the disadvantage of STFT is that the time and 
frequency window are fixed [143]. The STFT can provide both the frequency analysis 
of the waveform not only with the amplitude but also at the given time of the event. 
Due to the large amount of ambient noise that is also recorded by the sensor, when 
the signal is analyzed through de-noising methods the AE data is attenuated. This is a 
problem because whilst de-noising the data, the AE signal might also be lost or 
corrupted. As there are no current methods to monitor AE data in real time the data 
acquisition time taken to analyze and respond to an AE event is vital in all future 
research into AE data analysis. The following sections in this chapter provide an 
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overview of the data acquisition and analysis methodology used to process the AE 
data obtained in this thesis study. 
  3.2 FBG AE Interrogation System and AE Data Acquisition 
In this research, a commercial fibre optic acoustic emission sensor (FAESense 
M400 from Redondo Optics Ltd) system possessing the ability to interrogate multiple 
FBG sensors sensitive to acoustic events that induce micro/nano level strains was 
used. The system has a maximum measurement rate capability of up to 1.16 MHz and 
a 3-dB acoustic frequency range up to 100 kHz and is shown in Fig 3.1(a). This AE 
interrogator operation is based on adaptive two-wave mixing (TWM) interferometry 
[144] and consists of a novel TWM interferometer waveguide design for the ultra-
wide frequency FBG acoustic emission sensor. The correlation between the dynamic 
wavelength shift (Δ𝜆B(z,t)) and relative phase shift induced by the unbalanced 
interferometer in the interrogator is given by: 
Δ 𝜆𝐵 (𝑧, 𝑡) = Δ∅(𝑧, 𝑡)𝜆𝐵2 / 2𝜋𝑛𝑑,       (3.1) 
where d is the optical path length difference of the TWM interferometer, 𝜆𝐵 is the peak 
reflected wavelength of the FBG,  is the dynamic wavelength shift and  is the 
relative phase shift, z is the axial direction along which longitudinal strain propagates 
and t is the time. 
The FAESense system uses an advanced micro-controller-based ultra-high 
sampling frequency optoelectronics PC board, which has high data rate signal 
processing for FBG sensor calibration and for the analysis of acoustic emission 
signals. The interrogator system also employs a custom developed Lab View based 
GUI that enables easy data acquisition and remote control from the FAESense system. 
This system also has an ultrafast USB data transfer interface, which displays both time 
and frequency domain status signals of the FBG sensor array in real time to enable 
detection. This enables the detection, localisation and triangulation of the dynamic AE 
signals. The basic experimental arrangement for the FAESense interrogator system is 
shown in Figure 3.1(b). The arrangement for a typical experiment consists of an FBG 
or an FBG array that is attached to a substrate on which the AE is to be generated and 
one end is connected to the FAESense interrogator system as shown in the fig 3.1(b). 
The interrogator system is subsequently connected to the computer where the data 
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acquisition is performed. The FAESense interrogator system provides the benefit of a 
higher sampling rate of 1.16 MHz that can aid in analysing the cracks at a higher 
frequency compared to the conventional PZT based AE detection techniques. The 
specifications of the commercial FAESense interrogator system are shown in Table 
3.1. 
                
(a)                                                                      (b) 
Figure 3.1: (a) FAESense Interrogator (b) schematic of AE interrogation experiment 
 
Table 3.1: The performance specifications of the FAESense M400[122] 
Monitoring Principle Adaptive Two wave mixing interferometry 
FBG Sensor channel 2-4 acoustic emission transducer per 
sensor fibre 
AE Frequency range DC to 5850 kHz  
Frequency sensitivity 0.1 micro strain/Hz  
Frequency resolution 1 kHz 
Frequency accuracy + 1% of the reading 
Frequency bandwidth 3 dB from 1 kHz to 300 kHz  
Graphical interface 
software 
Adaptive sensor fusion prognostic analysis 
(LabView) 
Data communication Ultra-fast USB, Ethernet wireless, Wi-Fi, 
Bluetooth 
Power supply Main plug Appliance NG 16, 12 V/500 @ 
10 mA/ch. 
Weight  < 250 g 
Dimensions  2 inch (W) x 2-inch (T) x 4 inch (L) 
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The data from the FAESense interrogator is in a processed data format and is 
stored in 6 channels. Channels 2–5 represents specific wavelengths namely 1520 nm, 
1530 nm, 1540 nm and 1550 nm, respectively and are used for FBG sensor output. 
Channel 1 is for power, and channel 6 is for reference, as shown in Fig 3.2. Due to the 
large data size, a high-performance computing machine with a RAM of 64 GB was 
used to process the acquired data. To minimize the processing time and to establish a 
standard procedure for the analysis, a GUI using MATLAB code has been developed 
to convert the processed data file into a text file and for further processing which is 
discussed in later sections of this chapter. 
 3.3 Signal Processing Techniques 
The signal processing and data analysis process followed in this thesis is 
shown in Fig 3.3. The recorded AE signal obtained during the course of this research 
is usually a mixture of background noise and the original AE signals. To extract the 
original acoustic signal, therefore, de-noising methods need to be applied. In this thesis 
work, 
 




the de-noising was performed using a wavelet transform (WT). The GUI for this 
employs the steps depicted in the flowchart shown in Fig.3.4. The traditional de-
noising methods use the technique of thresholding where the threshold values have to 
be set in such a way that noise is eliminated and data is extracted. de-noising 
 
Figure 3.3: A flowchart depicting the signal analysis process carried out in this thesis 
 
 




De-noising using wavelets is based on the WT theory, which uses a family of 
wavelets to obtain inner products of the signal to be de-noised x(t). A family of 
wavelets consists of a series of son wavelets generated by dilating and translating a 
mother wavelet. The wavelet transform used to de-noise the signal represents a 
windowing technique with variable window size and is one of the most effective 
approaches for decomposing time series signals. The wavelet transform enables the 
decomposition, post-processing and further reconstruction of a signal. It is a tool that 
cuts up data, functions or operators into different frequency components and further 
studies each component with a resolution matched to its scale [145]. The WT deals 
with different frequency ranges by splitting the signal into shifted or scaled versions 
of the original (mother) wavelet. Unlike Fourier analysis of a signal, in which time 
and frequency have fixed windows over all types of frequency, the wavelet analysis 
allows a variation in the size of the window over different frequency-time relations 
[146]. Figs. 3.5(a) and 3.5(b) below show the difference between the windowing 
techniques that are used in the Fourier transform of a signal compared with the wavelet 
transform of the signal. STFT is represented in the two dimensional grid shown in Fig 
3.5(a) where the horizontal axis represents the time extent of each window and the 
divisions in the y axis represent frequency. The intensity of the colour of each window 
is inversely proportional to the frequency of the signal, the darker the shade, the lower 
the frequency of the monitored signal component. If the width of the window is large, 
the information about different frequencies is greater. The time frequency 
representation of the WT is shown in Fig 3.5(b). The quantities Δt and ΔΩ represented 








Figure 3.5: Time frequency plane for (a) FT windowing technique (b) wavelet 
transform [135] 
 
To achieve an effective representation of a low-frequency signal, a larger time 
domain window is needed in relation to the length of the window in the frequency 
domain and similarly a smaller time domain window is needed for reconstruction of a 
high frequency signal [147,148]. In order to overcome the shortcoming of fixed 
window size, the window size was replaced by compressing and stretching the fixed 
size windows, leading to more accurate and reliable results. A dilated and translated 
function known as a wavelet was used for better analysis. 
The procedure of signal de-noising using wavelet transform for this work 
includes the following steps. (i) The signal is decomposed to level N to obtain the 
coefficients. (ii) A thresholding is performed on the N signal details using threshold 
selection and either a soft or hard thresholding is then applied [149,150], by 
considering a basic model of the noise, hard thresholding is used as it is simpler than 
soft thresholding. If the threshold is denoted by th, the hard threshold signal x is x if 
|x| > th, and is 0 if |x|< th.  
The soft threshold signal x is sign(x) (|x| - th) if |x| > th and is 0 if |x| < th. Hard 
thresholding is the operation of setting the elements to zero whose absolute values are 
lower than the threshold. Soft thresholding is an extension of hard thresholding, where 
the elements, whose absolute values are lower than the threshold, are set to zero and 
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then the non-zero coefficients are shrunk towards 0. The hard procedure creates 
discontinuities at x = ±th, while the soft procedure does not. The hard and soft 
threshold functions are shown in Fig 3.6 for threshold th = 0.5 
 
Figure 3.6 Original and thresholded signals [150] 
 
Finally, (iii) the signal is reconstructed using the original approximation 
coefficients of the Nth level and the modified detail coefficients of all levels. The 
equation given below shows the representation of the WT with x(t) being the signal 
and ψ (t) being the mother wavelet. 
                          𝑋𝜓(𝑎, 𝑏) = ∫ 𝑥(𝑡)𝜓𝑎𝑏(𝑡)𝑑𝑡
+∞
−∞
 ,  (3.2) 
        where: 






)   (3.3) 
In relation to the mother wavelet signal, the variable a is the scaling parameter 
and b is the translation parameter. By varying these parameters, the wavelet can 
change the scales at which it can test for different frequencies and decompose an 
original signal into various elements of frequency [150].  
When using the WT in signal processing, two parameters can be changed, the 
number of threshold levels and the percentage threshold levels. The larger the 
percentage threshold level, the greater the amount of noise that will be removed from 
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the signal. However, when noise is removed in this way, any AE event will be 
attenuated, with the possibility that it will be missed. The range of the percentage 
threshold level is from 0 to 100% while the maximum number of levels that can be 
chosen is 6. 
In this research, the tests that were carried out consisted of three different types 
of wavelets; these were Daubechies  10, Daubechies 6 and Daubechies 2. The 
difference between these three wavelets is the value of the coefficients that are used 
when performing the transform. For example for a D N wavelet, the number of taps 
of the Daubechies N filter that is used to de-noise the signal is 2N. The larger the value 
of N, the more noise is removed from the monitored data, whilst the calculations also 
become more complex. Six tests were conducted on each wavelet consisting of single 
de-noising percentage threshold at 70 % but when the threshold levels were varied. 
Levels 1, 3 and 6 were used for Daubechies 10 and Daubechies 6 and levels 2, 4 and 
6 were used for Daubechies 2 After de-noising the signals were de-noised (or de-
noised), and were plotted against each other in time domain. This shows the effect of 
the threshold level when percentage threshold and waveform are kept constant. Fig. 
3.7 shows the de-noised data using the Daubechies 6 wavelet transform. From this it 
can be seen that by increasing threshold levels, we remove a larger amount of noise. 
From the results of the de-noising and STFT analysis, it can be concluded that the best 
result that was tested is a DB6 wavelet de-noising. 
 
Figure 3.7: Varying threshold level of DB wavelet while de-noising AE signal 
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Once the de-noising is completed, the spectra of the data, namely the fast 
Fourier transform (FFT) is obtained along with the STFT. The FFT and STFT show 
the frequency at which the events take place. The STFT is carried out using a 
windowing technique. The STFT is given by the equation 
    𝑆𝑇𝐹𝑇𝑔(𝛺, 𝑏){𝑥(𝑡)} = 𝑋𝑔(𝛺, 𝑏) ∫ 𝑥(𝑡)𝑔(𝑡 − 𝑏)𝑒−𝑗𝛺𝑡𝑑𝑡
∞
−∞
 , (3.4) 
where g(t)is a sliding window of fixed size and through the variation of the parameter 
‘b’, applies the Fourier transform locally to successive portions of the signal x(t), 
instead of applying it once to the entire signal. If we define  
                     𝜓(𝛺,𝑏)(𝑡) = 𝑔(𝑡 − 𝑏)𝑒
𝑗𝛺𝑡 ,    (3.5) 
then the STFT can be expressed as 
𝑆𝑇𝐹𝑇𝑔(𝛺, 𝑏){𝑥(𝑡)} = 𝑋𝑔(𝛺, 𝑏) ∫ 𝑥(𝑡)𝜓(𝛺,𝑏)(𝑡)𝑑𝑡
∞
−∞
 , (3.6) 
The levels in the STFT can further be adjusted in order to obtain the peak of 
the frequency accurately.  
 
 3.4 A MATLAB based GUI for data processing and analysis 
In order to do the signal processing, a graphical user interface was made using 
MATLAB, which can read .prc data from the FAESense M400 and plot the time 
domain data. This is done by the GUI, from which the user can choose from the 
following options: 
i. Data from all the 6 channels of the interrogation system are analysed separately 
and plotted, and users can then select the channel of their choice, and the 
selected channel is then de-noised and FFT and STFT are applied.  
ii. All the channels are analysed simultaneously by undertaking the de-noising, 
FFT and STFT together.  
The GUI options for plotting the time domain response are shown in Fig 3.8. For most 
of the research work presented in this thesis, only instances where the single channels 
were used were analysed concurrently. Once the time domain response is obtained, 
the GUI will have an option (Fig 3.9) to apply the threshold, de-noising using different 






Figure 3.8: The GUI to plot the time domain data 
                
(a)                                                              (b) 
Figure 3.9: (a): The options seen on the GUI for (a): de-noising and STFT, (b):  de-
noising dB or Haar 
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 3.5 Application of the Signal Processing Methodology to AE Data 
  The signal processing methods mentioned above in this chapter are illustrated 
in this section as a case study. Two sets of data are analysed in this section, the first of 
which is that of a known frequency which is induced by using a tuning fork of 500 Hz 
with an embedded FBG and excite the FBG. The second set is obtained by dropping 
a ball onto a substrate which has a induced frequency in the range of 30-40 kHz.  
A tuning fork of frequency 500 Hz was used to induce AE waves in an 
aluminium substrate. The acoustic wave, which are picked up by using FBG sensors 
glued on to the substrate and are analysed using the FAESense M400 interrogator 
system. Once the data is recorded using the FAESense M400 interrogation system, the 
time domain data is analysed using the GUI mentioned above in section 3.3 as shown 
in Fig 3.10 (a) which shows a mixture of signal and noise. The corresponding 
frequency domain data which is the FFT of the time domain plot is shown in Fig 
3.10(b) which shows frequencies of 500 Hz and resonant frequencies of 1000 Hz and 
1.5 kHz, along with a lot of ghost frequency components at 800 Hz and 1.6 kHz. The 




The time domain data which is obtained after the de-noising is shown in Fig 
3.11 (a) which shows that the peak amplitude is at 5.6 seconds and has an amplitude 
of 0.8 V, The frequency domain data shown in in Fig 3.11 (b) which shows that the 
maximum amplitude is obtained at 500 Hz, with resonant frequencies at 1 kHz, 1.5 






Figure 3.10: (a) The time domain data as obtained from the tuning fork, (b) The 




The STFT plot is also generated which shows frequency components at 479 
Hz and resonant frequencies at 913 Hz and 1404 Hz. The STFT shown in Fig 3.12 (a) 
has ghost noise components at 800 Hz and 1.65 kHz, which can be seen as a line and 
after carrying out the de-noising a further STFT is obtained as shown in Fig. 3.12 (b). 
In this plot there is a peak frequency at 500 Hz, and resonant frequencies at 1 kHz, 1.5 
kHz, 2 kHz and 2.5 kHz and the ghost noise components are eliminated. From these 
results it can be seen that when noise is removed from the original signal, AE events 






Figure 3.11: (a) The time domain data as obtained from the tuning fork, (b) The 









Figure 3.12: The STFT plot obtained (a): before de-noising, (b): after de-noising     
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The time domain data obtained from the FAESense M400 for a ball drop experiment, 
where an FBG is attached to a substrate where the ball is dropped, is shown in Fig 
3.13 (a) and the corresponding de-noised time domain data is shown in Fig 3.13. (b). 
The time domain data has a peak of 3.3 V but is however a mixture of noise as well.  
 
The dB de-noising was applied on to the data after proper thresholding using GUI. 
The STFT plot for the data and the de-noised data are shown in Fig 3.14 (a) and (b), 
respectively. From the STFT plot, the ball drop impact is visible at 0.53 seconds with 
a maximum frequency of around 30 kHz, but is prone to significant noise. The STFT 
of the signal after de-noising is shown in Fig 3.14(b), which eliminates all the 
background noise and ghost frequencies and the impact signal is much for clearer and 





Figure 3.13(a): The time domain plot for the data obtained from the ball drop 








Figure 3.14: The STFT plot obtained (a): before de-noising, (b): after de-noising 
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 3.6 Conclusion 
Data analysis and signal processing are immensely important in this research 
work on acoustic emission-based crack monitoring of welded joints. The methods 
presented in this chapter are the basis and foundation that I will be utilizing in the rest 
of the experiments presented in this thesis. Although the wavelet analysis is a lot more 
complex with different decompositions and coefficients it is vital that the wavelet 
transform be used in AE analysis due to the large range of frequencies that occur in 
the signal data. The following chapters will provide more examples of AE data 
analysis including de-noising and signal processing of the various experiments 






















Design, Fabrication and Characterisation of Magnetic Metal 
Encapsulated FBG sensor 
 
This chapter presents the experimental development of a metal packaged magnetic 
FBG sensor using stainless steel and tin, together with high temperature resistant 
SmCo magnet. The inclusion of high temperature-capable SmCo magnets provides 
the metal packaging of the FBG sensor with magnetic mounting capabilities. This 
packaged sensor can be placed in direct contact with the substrate structures such as 
iron pipelines and other ferromagnetic components without any adhesives, making 
them easily detachable and reusable. This is a significant improvement compared to 
other commercial fibre optic sensors that are surface-attached using epoxies or welded 
to the substrate. A series of experiments were conducted using the designed metal 
packaged sensor to study the characteristic properties such as load, temperature and 
vibration sensitivity of the magnetic metal-packaged FBG sensor. The various 
parameters are studied numerically by FEM using ANSYS and validated 
experimentally. These experiments demonstrate the feasibility of using the 
encapsulated reusable FBGs for SHM of compatible structures. 
 4.1 Introduction 
OFSs possess unique properties such as being lightweight, compact and having 
long-term durability, impressive linearity, immunity to external electromagnetic 
interference and resistance to corrosion as described in Chapter 1 [1, 2]. These 
properties help them to measure multiple parameters and make them attractive and 
commercially viable. However, along with these advantages, they have limitations 
such as degraded performance at elevated temperatures, lack of suitable packaging for 
direct field deployment and cross-sensitivity between strain and temperature [29]. 
Several methods have been proposed to package FBGs in metal [151–154] for field 
deployment applications. Li et. al. [141] illustrated the embedding of FBGs by layered 
manufacturing using nickel and stainless steel that was subsequently characterised for 
strain and temperature measurements. They found that this method of embedding will 
increase the temperature sensitivity of FBGs. Alemohammad et. al. [152] 
demonstrated a way of packaging FBGs in which a thin film of silver is deposited on 
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the fibre using a low-temperature laser micro-deposition method followed by nickel 
electroplating on steel using microscale a laser-based direct writing method before 
embedding. This method can be utilized for temperatures of about 200 °C. Some of 
the other methods reported are aluminium and nickel electroplating and brazing and 
ultrasonic welding with aluminium and tin substrates [152–154]. The strain sensitivity 
of FBGs can also be enhanced by using ceramic coatings such as an aluminium oxide 
sprayed coating that can be used in high-temperature applications requiring operation 
up to 600 °C [155-157]. It should be also noted that a typical FBG starts to deteriorate 
at temperatures close to 400 °C and with a further increase in temperature the 
degradation is rapid [158,159], and structural deterioration can occur [160, 161]. 
In this chapter extensive investigation on design, simulation, embedding and 
packing of the FBG sensors are presented. We present an experimental study to 
understand the feasibility of using the proposed magnetic self-attachable metal-
encapsulated FBGs for SHM for use in high pressure pipelines which are prone to 
cracks.  In order to use the sensors in engineering applications such as pipelines, it is 
important to determine the physical characteristics such as load and temperature 
capability, so that the developed sensor can operate within the prescribed limits.  
Section 4.2 presents the design and fabrication methods of the packaged FBGs. 
Analysis of the design is conducted using ANSYS workbench and is explained in 
section 4.3. The experimental arrangements for the characterization of the fabricated 
sensors are discussed in section 4.4 and results are discussed in section 4.5. 
 4.2 Design and Fabrication of the Packaged Sensor 
A cylindrical stainless steel container is machined as shown in Fig 4.1(a) as the 
outer material of the packaged sensor. Stainless steel is used for the process due to its 
comparatively high melting points of approximately 1320 °C to 1530 °C which makes 
it a suitable candidate for the use in welding applications where temperatures can go 
high. Another reason that stainless steel was chosen was due to the fact that it can be 
magnetized easily. A disc was machined from tin to be inserted into the cylinder as 
shown in Fig 4.1(b). A 1 mm-diameter hole was drilled into the centre of the container 
base as well as the tin disc for insertion of the optical fibres. Prior to assembly of the 
sensor, the FBGs were sheathed in a 30 mm-long and 1 mm-outside diameter Teflon 
tube for protection and to impart strength to the optical fibre where it entered and 
exited the assembly.  
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SmCo was chosen as the magnetic material to be incorporated in this design 
due to its ability to withstand high temperatures and also because it allows a means to 
position a fibre in the centre of the stainless steel container. Typically, permanent 
magnets lose their magnetic abilities at higher temperatures. For commonly used 
neodymium magnets, the operating temperature is up to 150 °C. Recently, SmCo-
based permanent magnets have attracted interest due to their superior high-
temperature properties [162,163]. In SmCo, the interatomic exchange between the 
cobalt atoms gives rise to higher Curie temperatures that depend on the transition 
metal sub-lattice. Therefore, SmCo can have a Curie temperature of approximately 
800 °C and an operating temperature of around 350 °C [164]. Hence, SmCo was 
chosen as the magnet to be incorporated in this design. Tin was used for the binding 
material as it does not react with stainless steel. The material properties of samarium 
cobalt magnets which are used in this packaging is shown in Table 4.1 [165]. 
Table 4.1: The material properties of the samarium cobalt magnets [165] 
Property Value 
              Curie Temperature (OC) 800-850 
Density (g/cm3 ) 8.3-8.5 
Recoil Permeability µ(rec) 1.00-1.05 
Maximum working temperature 
(OC) 
350 
Electric Resistivity (Ω.cm) 8.6x10-5 
Vickers hardness (Hv) 500-600 
Thermal conduction rate (W/mK) 12 
Coefficient of Thermal expansion 
(/OC) 
8x10-5-11x10-5 
Rigidity Strength (N/m2) 1.5x108 
Compress strength (N/m2) 8x108 
Tensile Strength (N/m2) 3.5x107 
Young’s Modulus (N/m2) 1.2x1011 




Four cylindrical SmCo magnets were positioned inside the container as shown 
in Fig. 4.1(c). Solid cylindrical magnets of 6.25 mm diameter and 12.7 mm height 
                                   
(a)                                                           (b) 
                          
(c)                                             (d) 
 
      (e) 
Figure 4.1: The schematic (a) stainless steel cylinder region; (b) cross section view 
of the tin disc (c) placement of SmCo magnets with the cylinder; (d) the fabrication 
of the metal packaged magnetic FBG sensors components before the embedding, 
indicating the location of the SmCo magnets (e) the metallic packaged sensor. 
63 
 
were used, thereby allowing for the FBG to be inserted between the magnets and easily 
accommodated as shown in Fig 4.1(c). For each sample, the sheathed FBG was 
inserted through the hole in the tin disc as depicted in Fig 4.1(b) and then into the 
central hole between the magnets. The entire assembly was subsequently heated in an 
oven to 270 °C, which is significantly higher than the melting point of tin (232 °C) so 
that the tin disc melts and fills the container. The sensor assembly was further allowed 
to cool to room temperature. The assembly process and the fabricated metal packaged 
sensor are shown in Figure 4.1(d) and (e) respectively. 
 4.3 Analysis on the effect of the embedding process on the FBG spectrum 
The FBGs used in this work were obtained from DK Photonics Ltd  and were 
10 mm long with polyimide buffer coating and with peak reflected wavelengths of 
circa 1540 and 1550 nm, side lobe suppression ratio (SLSR) higher than 15 dB, peak 
reflectivity greater than 90% and a bandwidth of <0.3 nm. The maximum operating 
temperature of the polyimide-coated FBG sensors used in this experiment is 300 °C. 
Figure 4.2: The schematic diagram of FBG Interrogation System  
 
The reflection spectra of the FBG was monitored before and after packaging 
using a commercial FBG interrogator (I-MON 256, Ibsen Photonics). A schematic 
diagram of the FBG interrogation setup used in this study is shown in Fig 4.2. The 
interrogator has a wavelength resolution of 5 pm with a maximum data acquisition 
rate of 6 kHz and is connected to a broadband source with a spectral range of 1530–
1580 nm. The reflected signal from the FBG was directed at the interrogator through 
a fibre circulator. The reflection spectra of the FBG before and after packaging are 
shown in Fig 4.3. Though the reflectivity signal is reduced, no peak distortion was 
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observed due to the packaging. It is observed that the peak reflected wavelength of the 
FBG before embedding was 1539.82 nm and the wavelength after embedding is 
1539.76 nm. As the FBG was heated for only 3 hours at high temperature during the 
fabrication, the thermal decay to optical fibre material is not considered to be 
significant. However, the observed blue shift of 48 pm to the FBG signal after 
packaging indicates a residual strain developed within the material after the packaging 
and is a common phenomenon. 
 
Figure 4.3: Reflection spectra of FBG Sensor, before and after packaging 
 4.4 Analysis of Design Using FEM 
The packaged FBG is subjected to strain during fabrication due to the thermal 
expansion of the encapsulating material. An ANSYS-based simulation tool was used 
to study the impact of stress and strain caused by heating on the embedded FBG 
sensor. FEM simulation of the proposed design was performed with the dimensions 
and materials, as discussed in Section 4.2. For the FEM analysis an automatically 
selected mesh size of 1.57 mm was used (approximately 99000 nodes and 34000 
elements) and a triangular mesh is generated that encloses the structure. The material 
properties such as Young’s modulus, Poisson’s ratio and the density of the material 
used in the design are shown in Table 4.2. The temperature was applied using the 
transient structural toolbox to act on the whole of the structure. In both the cases, a 
path was defined along the length of the FBG and the resultant strains for both the 
temperature and load were calculated. The numerical model was analysed to calculate 
the induced thermal strain as the temperature is increased from 20 °C to 200 °C during 
fabrication. Fig 4.4(a) shows the overall thermal strain in the structure, while Fig 
4.4(b) shows the thermal strain experienced by the fibre containing the FBG.  As the 
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thermal expansion coefficients of the constituent materials are different, we have 
ensured proper thermal contacts between the materials in the simulation and the 
results shows the overall thermal strain in the structure. From Fig 4.4(b), the thermal 
strain induced on the fibre is calculated as 961.2 με over a temperature change of 20 
to 200 °C that gives a thermal strain sensitivity of 0.4806 με/°C for the FBG that 
equates to a change of 4.005 pm/°C. The standard temperature sensitivity for a 
polyimide coated FBG is 10 pm/°C and the total thermal sensitivity of an FBG is the 
sum of the free space temperature sensitivity and thermal strain sensitivity and is 
estimated to be 14.005 pm/°C.  









Stainless Steel 193 0.31 1.7x10-5 7750 
Tin 50 0.25 22 x 10-6 7304 
Samarium 
Cobalt 
120 0.27 13x10-6 8300 
Optical fibre 2.5 0.34 50 x 10-6 2650 
                   
                                         (a)                                                                 (b)  
Figure 4.4: (a) Thermal strain profile of packaged sensor due to applied temperature 
(b) the thermal strain along the embedded fibre containing FBG 
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To estimate the load sensitivity of the packaged FBG sensor, the load-induced 
strain was calculated numerically. The loads were simulated to act on the tin region of 
the packaged sensor, and a fixed support was placed at the base of the structure. The 
load range was selected from 0 N to 25 N in 5 N increments applied on the base of the 
structure, and the configuration was solved for the equivalent elastic strain on the 
FBG. The obtained elastic strain shows the expected strain values for the loads 
applied. It is calculated that for 25 N of applied load, the embedded FBG experiences 
a strain of 19.46 με that equates to a strain sensitivity of 0.7784 με/N 
                                                                                                         
                               (a)                                                                           (b)  
   
                                                    (c) 
Figure 4.5: (a) Strain profile of packaged sensor with applied load (b) strain 





The strain distribution in the FBG and in the packaged material with applied load is 
shown in Fig 4.5(a) whereas the strain distribution along the FBG is shown in Fig 
4.5(b). A linear change in strain is experienced by the FBG with the applied load 
when the simulation is carried out. This linear change is shown in Fig 4.5(c). 
 4.5 Experimental Setup for Characterisation of the Metal Packaged FBG Sensor 
The packaged FBG sensors were characterised for load, temperature and 
vibration. The experimental arrangements for characterisation are shown in Fig 4.6 
(a)-(c). For load characterisation, force was manually applied to the packaged sensor 
using a mechanical bench vise longitudinally along the sensor as shown in Fig 4.6(a).  
The applied forces are then measured using a button load cell SLB-100 with a 
measurement range of 440 N that is placed between the packaged sensor and the load 
application point. The theoretical percentage of error of the load cell used was 0.25% 
R.O. (SLB-100). Loads of up to 25 N were applied with an increment of 5 N and the 
corresponding wavelength shift was measured. As fibre optic based load sensors are 
typically used for load measurements in the lower range (1-100 N), the packaged 
sensor is characterised only till 25 N, which was the limit of the current experimental 
setup. The applied load for each increment was measured using the load cell 
connected to a load cell conditioner unit SCC-SG24 and a data acquisition board 
(NI6321e) and controlled via a LabVIEW program. For temperature characterisation, 
the packaged sensor were placed in a carbolite laboratory chamber furnace, and the 
temperature is increased up to 200 °C in increments of 5 °C. As the melting point of 
tin is 232 °C, the packaged sensor was characterised only up to 200 °C. After the set 
up reaches the desired temperature, it is kept at the same temperature for 
approximately 10 minutes. This time was allowed between each temperature 
recording to make sure that the temperature was uniform throughout the packaged 
sensor structure. The temperature attained by the packaged sensor was then verified 
using an infrared temperature sensor. The shift in the peak reflected wavelength 
induced by the temperature change was recorded by the interrogator. To evaluate the 
vibration measurement capability of the packaged sensor, mechanical excitations 
were applied to the sensor using tuning forks of frequency 500 Hz and 1 kHz. The 
packaged FBG sensor was placed in the mechanical bench vise so that there is firm 
support for the packaged FBG sensor and then the tin region of the packaged FBG 
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sensors are excited using the tuning forks as shown in Fig 4.6(c). The vibration-
induced dynamic wavelength shift was then measured using an interrogator capable 







Figure 4.6: The photographs of the set up for characterisation; (a) load; (b) 




also calculated, using a sampling frequency for FFT of 2.4 kHz, which is the same as 
the measurement sampling rate. The frequency resolution was 0.01667 Hz. No 
windowing, averaging or overlapping was used, to verify the applied and measured 
frequencies [166].  
 
 4.6 Experimental Results and Discussions 
 4.6.1 Load Characterisation 
The load-induced wavelength shift of the FBG corresponding to the applied 
load is shown in Figure 4.7. Here, 2 sets of data were obtained in order to extract the 
for the data. After comparing the two sets of data, the corresponding strain is calculated 
and is shown in Fig 4.7. A linear fit to the measured data is shown in the figures. A 
strain value of 13.37 με is obtained for an applied load of 25 N. This corresponds to a 
sensitivity of 0.5348 με/N or 0.4456 pm/N. The trend agrees well with the simulation 
results that calculated a sensitivity of 0.7784 / με /N and are also shown in Fig 4.8. 
The difference between the simulation and the experiment can also be due to the 
different loading and boundary conditions. The load sensitivity of the FBGs reported 
in the literature is in the range of approximately 0.1285 pm/N–1.933 pm/N [167, 168]. 
Compared to these values, the sensitivity of the proposed packaged sensor is in the 
lower mid-range of the reported values. However, it can be enhanced by re-scaling the 
design and packaging dimensions. 
4.6.2 Temperature Characterisation 
 
Figure 4.7: Measured wavelength shift and calculated strain due to applied load 




The Bragg wavelength shift of the packaged sensor with temperature was 
measured and is shown in Fig 4.8. The temperature sensitivity of the metal-packaged 
FBG derived from the results is 11.16 pm/°C. This shows that the temperature 
sensitivity of the packaged FBG sensors is less than the simulated result of 14.00 
pm/°C. The difference between the results may be due to the difference in the applied 
heating and boundary conditions. 
 4.6.3 Vibration Characterisation 
The vibration characteristics of the packaged sensor were measured. Fig 4.9(a) 
shows the dynamic wavelength change of the sensor. The sudden change in the 
wavelength at 5.5 seconds corresponds to the time when it is excited using a 500 Hz 
tuning fork and the corresponding FFT is shown in Fig. 4.9(b). From the figures, it is 
evident that the excitation event is resolvable with the FFT showing a measured peak 
at 502 Hz and its corresponding first harmonic. The measured frequency for a 1000 
Hz excitation was 931 Hz. This confirms that the fabricated metal-packaged sensor 
can detect vibrations and upon being used with a suitable interrogation system, high 
frequency vibrations can be measured. Thus, the feasibility of the packaged sensor to 
pick up the vibrations was successfully demonstrated. The metal embedded sensors 
are expected to possess a wide range of applications and can be used in several 
industries such as the manufacturing industry, aerospace industry, oil industry, power 
industry, automotive industry and in the construction sector [169]. Thus, the proposed 
 





and demonstrated design of the metal-packaged sensor with magnetic capabilities can 








             
(a)                                                                             (b) 
 
(c) 
Figure 4.9: (a) The wavelength versus time plot of the vibration experiment; (b) FFT 




The results obtained from these experiments are summarised in Table 4.3, where the 
thermal and the load sensitivity of the newly designed packaged sensors are discussed. 
 
Table 4.3 Summary of results 









Vibration characterisation ✓  
Tested for 500 Hz and 1 kHz for 
which the sensors showed a good 
response. 
 
 4.7 Conclusion 
 A novel means to fabricate a metal-packaged magnetic, reusable FBG is 
demonstrated in this chapter using stainless steel and tin together with SmCo magnets. 
The design of the structure is analysed by finite element analysis using ANSYS. The 
simulation results display a temperature sensitivity of 14.005 pm/°C and a load 
sensitivity of 0.7784 με/N. The stand-alone packaged sensor has been characterised 
for load, temperature and vibration and was compared with the simulation results. The 
measured load and temperature sensitivity of the packaged sensor were 0.4456 με/N 
and 11.16 pm/°C, respectively. The behaviour of the simulated and experimental 
packaged sensor was similar. The slight differences in the sensitivity values are 
attributed to the different boundary conditions in the experiment and simulation. The 
vibration measurement capability of the packaged sensor was also demonstrated by 
exciting the packaged sensor at two different frequencies and the measured frequency 
was in close agreement with the applied frequency. The ease of fabrication, low cost, 
detachability and reusability of the metal-encapsulated FBG can make it an excellent 




 Chapter 5 
The Study of the Directional Sensitivity of Fibre Bragg Gratings for 
Acoustic Emission Measurements 
 
This chapter presents and highlights the unique property of directional 
sensitivity to acoustic emission as observed in FBGs. The experiments were carried 
out by dropping a metal ball onto the metal substrate, on which the FBGs are attached. 
The study on directional sensitivity is done as a stepping stone towards the study of 
localisation of AE sources and thereby the cracks, which forms the final part of my 
research work. The experimental results of the directional sensitivity study are 
compared to the mathematical simulation results derived using the FEM explicit 
dynamics simulation in ANSYS. The novelty of this work is the use of magnetic 
metal-packaged sensors for the study and the numerical simulation of these 
experiments. These experiments have confirmed the pre-existing theory that the FBGs 
are more sensitive to AE in the longitudinal direction, when compared to transverse 
direction. 
 5.1 Introduction 
Damage mainly tends to occur in structures when they are subjected to stress 
which makes imperfections such as cracks in the material to grow and propagate; this 
should be monitored. The main part of my research work is to monitor the cracks in 
structures during the welding process and also to locate the source of those flaws in 
the structure. As mentioned in chapter 1, optical fibre sensors are appropriate for 
sensing high frequency AE as they have high sensitivity and bandwidth and can 
respond to strain-induced surface displacement in the sub pico-meter range, which is 
considered as a major challenge. 
H.Achar et. al. have demonstrated that FBGs are highly sensitive to AE 
induced strain in the longitudinal direction compared to that in the transverse direction 
[170]. As the AE measurement sensitivity of the FBG is direction dependent [162], in 
practice for most experimental conditions, the FBG sensor might be responding to 
only a component of the acoustic wave in the axial direction of the FBG. This is 
because optical fibres have cylindrical geometry. Other factors that affect the acoustic 
sensitivity of an FBG are the gluing material, which affects the strain transfer from the 
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substrate to the optical fibre and also the acoustic impedance of the materials involved. 
Using FBGs for AE detection facilitates accurate localisation of the source of the 
imperfections using FBGs’ directional sensitivity. Several studies have been 
conducted and the authors have propounded the directional sensitivity of FBGs 
[98,171]. Perez et. al. demonstrated the AE measurement capability of the FBGs using 
a metallic ball drop [98]. C. Zhang et. al. showed that the directional responses of the 
FBG sensors make them suitable for determining principal strains and the direction of 
the AE source [171]. Analysis of Lamb waves can also determine the directional 
sensitivity of FBGs. When elastic waves travel in plate-like structures the top and 
bottom surfaces experience repeated alternating reflections. The guided waves 
propagating along the plane of an elastic plate with traction-free boundaries are called 
Lamb waves and are suitable for SHM applications of aircraft structures, oil tanks and 
pipelines as they can be confined inside a structure. Generally Lamb waves propagate 
in 2 modes, the symmetric mode or extensional S0 waves and the antisymmetric mode 
or flexural A0 waves, both of which are polarised perpendicular to the plate in the x-z 
direction. The other set of waves which is polarized in the plane of the plate (i.e. in 
the y-axis) are called the shear horizontal (SH) waves, which can also be symmetric 
or anti symmetric [172]. De Pauw et. al. [173] demonstrated a single fibre Bragg 
grating in a microstructured  optical fibre which shows selective sensitivity to strain 
in the axial and transverse directions and helps to directly distinguish between 
fundamental Lamb waves modes. FBGs have the ability to detect strain changes to 
sense the in phase and out of phase asymmetric modes in a plate. However when 
detecting the transverse waves, FBGs are not sensitive to this mode. 
In this chapter, the use of packaged and unpackaged FBG sensors for 
directional detection of acoustic waves has been investigated, with a view towards 
their implementation in practical applications such as pipeline monitoring. The 
directional response sensitivity of the FBGs to AEs is conducted by generating AE 
waves in the structure using metal ball impact and detecting the acoustic waves using 
the FBG AE interrogation system. 
 5.2 Sensor Design and Fabrication 
In chapter 4 we have developed and characterised a magnetic metal packaged 
sensor, however in order to study the directional sensitivity of the FBGs a much 
simpler setup is required. Hence, in chapter 5, a simplified metal-packaged FBG is 
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designed and fabricated. In applications involving crack monitoring in welding and 
pipelines, directional sensitivity of the sensor significantly impacts the identification 
of cracks. A FBG, due to its directional property, selectively responds to different 
modes of propagating acoustic waves in the structure depending on their orientations. 
FBGs placed with different orientations are found to be sensitive to different modes 
of acoustic wave propagation [98]. To provide more clarification on these aspects for 
practical applications, the directional sensitivity of a metallic-packaged FBG and 
unpackaged FBG sensor are studied and quantified. The design and construction of a 
metallic-packaged FBG and a ball drop model to generate an AE wave on the 
packaged and unpackaged FBGs are presented and analysed in this chapter. 
 5.3 Design and Construction of Packaged Sensor 
   Considering the SHM application, the packaging for the sensor is designed 
with a stainless steel base and the FBG sensor is embedded in melted tin within the 
base. The stainless steel square base is machined having sides of 25 mm each and a 
                 
(a)                                                      (b) 
 
(c) 
Figure 5.1: The parts of the packaged sensor (a) stainless steel base with FBG (b) 




thickness of 3 mm and a hollow region in the middle to accommodate the tin plate as 
shown in Fig. 5.1(a) and (b), respectively. A hole of 1 mm diameter is drilled through 
the side walls of the stainless steel base to insert the FBG. The FBGs used in this work 
are 3 mm long with polyimide buffer coating and with peak reflected wavelengths of 
circa 1550 nm, peak reflectivity greater than 70% and a bandwidth of < 0.5 nm. FBGs 
are inserted through the holes in the stainless steel base and the tin plate is placed on 
the top of the inserted FBG and is heated to a temperature of 270 oC, which is higher 
than the 232 oC melting point of tin [112]. This is to ensure that the tin has melted and 
been evenly distributed within the steel base. Thereafter, the entire assembly is 
allowed to cool down to room temperature. The final assembly after the fabrication is 
shown in Fig 5.1(c). 
 5.4 Experimental Study on Directional Sensitivity of Packaged and Unpackaged 
Sensors 
 
The experimental setup for directional sensitivity is shown in Fig 5.2. The 
experiments were performed on a square aluminium plate of dimensions 220 mm x 
220 mm x 3 mm dimensions on which the packaged FBG sensor (peak reflective 
wavelength 1550 nm, length 3 mm) is attached using cyanoacrylate adhesive at the 
centre of the plate. The packaged FBG was attached to the aluminium substrate using 
 
Figure 5.2: The experimental arrangement for the metal ball drop test using the 




silicone adhesive. Metallic balls of size 6 mm and 12 mm were dropped on to the 
substrate from a height of 230 mm. The height and ball drop impact location on the 
substrate was also ensured by using a custom-made stand. Metallic balls were made 
to impact on to the substrate at a distance of 50 mm and 100 mm away from the centre 
of the FBG. The AE which was generated as a result of the ball drop was obtained 
using a commercial FBG AE interrogator system. Though the maximum data 
acquisition capability of the FAESense system is 1.167 MHz, the experiment data in 
this experiment was acquired at a sampling rate of 291.7 kHz based on the information 
from simulation results and also from a PZT AE transducer. 
Reducing the sampling rate to the required level will significantly reduce the 
post-processing computing time. A PZT based transducer (B225.5) along with a high-
speed oscilloscope (Tektronix DP070604C digital phosphor oscilloscope) was used to 
measure the frequency of ball drops on the substrate. From this experiment, it was 
found that the maximum AE frequencies resulting from the impact of the 6 mm and 
12 mm ball drops were 20 kHz and 30 kHz, respectively. The measured AE waveforms 
of the ball drop using the PZT transducee and oscilloscope and the corresponding 
STFT spectrumare shown in Figs 5.3 (a) and (b),respectively. The interrogator system 
can only measure and record the data in voltage and conversion of this dynamic 
voltage change to equivalent strain is not possible as there is no calibration data 
available as the device was designed for dynamic frequency measurements. 
 





Figure 5.3: (a) the AE waves obtained from the ball drop using the PZT transducer 
and oscilloscope (b) the corresponding STFT plot 
 
5.5 Finite Element Analysis Model of AE Event 
 5.5.1 Geometry of the design  
This section describes the modelling approach for impact-generated acoustic 
wave propagation in an aluminium plate with packaged and unpackaged FBGs 
attached to it. The numerical simulation of the aluminium plate impacted by a metal 
ball was performed using ANSYS 16.1 explicit dynamics. Using sketching options, 
an aluminium plate was modelled as a square of dimensions 220 mm x 220 mm x 3 
mm and 2 circles of diameter 100 mm and 200 mm were drawn from its centre to mark 
the points of impact. A new plane was chosen at a height of 230 mm and the metal 
balls were modelled. Several methods were considered for the modelling of this 
experimental setup chosen from amongst the different methods in the literature for the 
simulation of AE waves J. Wee et. al [174] demonstrated the simulation of the Lamb 
waves in a optical fibre 100 mm in length and 0.125 mm diameter, which was attached 
to a substrate, of length 70 mm with and without glue. Using a similar approach we 




 5.5.2 FEM using Explicit dynamics exporting to LS-DYNA  
The modelling was performed using stainless steel, tin and aluminium plate 
and the optical fibres before meshing of the materials are carried out. The numerical 
mesh has a size of 0.15 mm and is highly smoothed [175]. The AE waveform at the 
acoustic wave source is generally a sharp broad band pulse containing quantitative 
information about the wave source. The waveform used for the generation of the AE 
is similar to that of the Hsu-Nielsen lead break experiment, which employs the model 
as shown in equation 5.1 [166] 
𝑓(𝑡) = {
0         𝑡 < 0
0.5 − 0.5 cos (
𝜋𝜏
𝑡
)     0 ≤ 𝑡 ≤ 𝜏          (5.1)
1       𝑡 > 𝜏
  
This equation assumes that the waveform is 0 for time t < 0 and takes a 
sinusoidal form from time 0 < t < 1.5. For times later than 1.5 μsec, the waveform is 
assumed to be 1. After the frequency is set the model is exported and solved using the 
Mechanical APDL Product launcher and is accessed using LS-PREPOST [172,173]. 
After launching this in LS-PREPOST the results are then solved for X-Displacement 
as shown in Fig 5.4. The fringe levels are then studied at an 1 mm intervals from the 
source. The point of application of the frequency is varied based on the different 
directions where the frequency is applied. At first the frequency is applied along the 
Y-direction so as to have its effect felt on the packaged sensor. The resultant 
displacement is observed and is calculated as seen in Fig 5.4. It is observed that the 
maximum displacement which is observed was found to be 3.44x10-6 m on the 
stainless steel structure, the minimum displacement is over the aluminium plate at 
0.38x10-6 m. 
 5.5.3 Transient structural analysis 
A new design and transient structural analysis approach was carried out in 
ANSYS, in which we consider the impact forces of the ball drop onto the substrate. 
The mass of the ball was calculated and the gravitational force was also considered to 
calculate the kinetic energy which was transferred to the substrate and the resultant 
force was considered to replace equation 5.1, which now becomes  
𝑓(𝑡) = {
0         𝑡 < 0
                         𝐹       0 ≤ 𝑡 ≤ 𝜏          (5.2)




where, F is the force calculated for the metallic ball. With this method, the exact forces 
and the boundary conditions which were acting on the ball at the point of impact were  
observed. 
 
In order to model the impact of the ball drop, unpackaged FBG sensors were 
modelled as silica cylinders of length 10 mm and diameter 125 µm. The FBGs were 
assumed to be bonded onto the substrate using cyanoacrylate adhesive. For the 
packaged FBG sensor, stainless steel and tin for encapsulating the FBG were modelled 
according to the dimensions described above, and the corresponding material 
properties provided in table 5.1 were assigned to them. Finally, a cylinder, as 
mentioned above, was also modelled at the centre of the stainless steel structure to 
represent the silica fibre. These structures were combined into a single part to ensure 




Figure 5.4: The X displacement along the aluminum and packaged sensor 
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Table 5.1: Material Properties for FEM Modelling 
 
 
 5.5.4 FEM using explicit dynamics exporting to ANSYS  
The schematics of the modelled substrate with the unpackaged and packaged 
FBG’s are shown in Fig. 5.5 (a) and (b), respectively. In order to model the impact, 
the velocity (v) of the metallic ball determined by the principle of conservation of 
energy by equating the kinetic energy to the potential energy is considered as follows: 
𝑣 = √2𝑔ℎ  (5.3), 
where g is acceleration due to gravity  h is the height from which the ball is dropped. 
In the experiment, the ball is dropped from a height of 230 mm; therefore, the same 
height was considered the simulation as well. We calculated the velocity to be 2.123 
m/s and this was considered as the initial velocity and was made to act along the 
negative z-axis towards the aluminium plate. The mesh size used for the simulation 
was 4 mm in the solver which provides a total of 7000 nodes. 
A metallic ball drop was selected to create an impact on the substrate and to generate 
elements in the mesh. The analysis time was calculated in such a way that there was 
still adequate time after the impact of the ball on the substrate for it to bounce back if 















Aluminium Substrate 2770 71 0.33 0.28 0.28 
Optical 
fibre 
FBGs 2650 70 0.15 0.231 0.04 
Stainless 
Steel 
Metal Ball 7750 191 0.31 0.207 0.586 
 
Tin Packaging 7287 45 0.33 0.220 0.015 
Cyano 
acrylate 
Adhesive 1090 1.34 0.33 0.014 0.005 
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required. In order to simulate AE events of different amplitude and frequency, 
different ball diameters (6 mm and 12 mm) were used, and to study the damping of 
the AE signal through the substrate, the distance of impact from the centre of the FBG 
was set to 50 mm and 100 mm. 
 
 5.6 Analysis of AE Wave through the Substrate 
 
The equivalent elastic strain induced by the acoustic waves detected by the 
packaged and unpackaged FBG was calculated for the 6 mm and 12 mm ball drop 
impacts at distances of 50 mm and 100 mm from the FBG. The profile for the 
propagation of the AE waves through the substrate and packaged and unpackaged 
sensors was determined. For the 12 mm ball’s impact on substrate at a distance of 50 
mm from the unpackaged FBG and packaged FBG, the strains obtained were 39.93 με 
and 16.72 με, respectively. The modelled acoustic wave propagating through the 
aluminium plate for an impact of 6 mm ball with a bare FBG is shown in Fig 5.6 (a) 
and (b) which is at varying time intervals at 1.08 ms and 1.14 ms respectively. From 
similar plots the frequencies of the impact of the balls were determined to be16.7 kHz    
for the 6 mm ball drop and 21.4 kHz for the 12 mm ball drop impacts. 
                         
                                (a)                                                                                        (b) 
Figure 5.5: The schematic of aluminium substrate with the metal ball which was 




     
       (a)        
        
(b) 
Figure 5.6: The modelled propagation of acoustic wave through the substrate at (a) 
1.08 ms  (b) 1.14 ms 
 
The simulation was repeated for various points from 0° till 180° and  we obtained plots 
for the dependence of the strain on the angle of the applied impact.  
84 
 
For each of the two metal balls for the at distances of 50 mm and 100 mm the 
polar strain plots for (a) unpackaged and (b) packaged sensors are shown in Fig. 5.7 
(a) and (b), respectively. From the plots, we can observe that the sensitivity was the 
highest for 00 and 1800 and was the lowest for the force applied at 900, thus 
demonstrating the directional dependence of the FBG’s sensitivity. From the results 
for the unpackaged FBG, it can be observed that the strain induced by the 12 mm ball 
impact at 50 mm is 17.29% higher than the impact at 100 mm distance, while for the 
6 mm ball impact, the difference is 12.24%. For the same impact distance of 50 mm, 
the 12 mm ball impact-induced strain was 24.34% higher than that of the 6 mm ball, 
and similarly for 100 mm impact distance, the difference between the strains induced 
by the 12 mm and 6 mm balls was 25%. 
With packaged sensors, the strain was 18% higher at 50 mm distance when 
compared to 100 mm for 12mm ball and 44% higher for the 6 mm ball at 50 mm 
distance. For impact distances of 50 mm and 100mm, the change in strains induced 
for the 12mm ball were observed to be 44% and 60% higher, respectively. When the 
ball size varies from 12 mm to 6 mm or the impact location varies from 50 mm to 100 
mm, it is observed that the amplitude drops because the amplitude and the distance of 
the impact varies.  
                     
(a)                                                          (b) 
Figure 5.7: The directional sensitivity obtained for (a): unpackaged FBG sensor; (b): 
packaged FBG sensors 
 
The predicted values of frequency calculated by the FEM method is are 21.4 
kHz and 16.7 kHz for 12 mm and 6 mm ball impacts, respectively. These observed 
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frequencies from the simulation were in accordance with the frequency observed from 
the transducer.  
 
 5.7 Results and Discussion 
The amplitude (in volts) vs. time plots for the ball drop impact, measured using 
the unpackaged FBG are shown in Fig 5.8 for different ball sizes and impact locations. 
Figs 5.8(a-d) shows the AE response of the unpackaged FBG for the 6 mm ball at 50 
mm, the 6 mm ball at 100 mm, the 12 mm ball 50 mm and the 12 mm ball at 100 mm 
impact distance, respectively. The peak for the 6 mm ball drop at a distance of 50 mm 
and at an angle of 0° is shown and the amplitude vs. time plot is shown in Fig 5.8(a), 
           
(a)                                                                            (b) 
              
                     (c)                                                                           (d) 
Figure 5.8: The amplitude vs. time plot of AE measured by the unpackaged sensor with 
(a) a 6mm ball 50 mm distance  (b) 6 mm ball 100 mm distance  (c) 12 mm ball 50 mm 
distance  (d) 12 mm ball 100 mm distance 
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in which the maximum amplitude is 3.45 V. From the figures, it is observable that the 
amplitude varies as the ball size is varied from 3 Vpp for the 12 mm ball and 2.8 Vpp 
for the 6 mm ball for the unpackaged FBG sensors at a distance of 50 mm and 1.1 Vpp 
for the 12 mm ball drop. 
 Selected STFTs of the AE events depicted in Figs 5.8(a) & (b) are shown in 
Figs 5.9 (a) and (b). The STFT shows that the AE wave has a maximum frequency of 
29.7 kHz for 12 mm and 7.5 kHz for 6 mm ball drop impacts. 
The frequency changes may be due to the increase in size of the ball. The 
amplitude (in volts) vs. time plot for the ball drop impact of the packaged FBGs are 
shown in Fig 5.10 for different ball sizes and different locations. Fig 5.10(a-d) shows 
the AE response of the packaged FBG for 6 mm and 12 mm balls at 50 mm and 100 
mm distances. From the figures it is observed that the amplitude varies from 1.1 vpp 
to 0.5 Vpp when the ball size is varied from 12 mm to 6 mm at 50 mm impact distance 
from the sensor. To study the directional sensitivity of the packaged and unpackaged 
sensors, we analysed sensor response for ball drop impacts with different ball sizes 
and distances at varying angles from 0° to 180° at 30° angle increments, measured with 
respect to the FBG axis direction. The results for the case of unpackaged and packaged 
FBGs are shown in Fig 5.11(a) and (b), respectively. It is observed that the highest 
peak-to-peak voltage occurs at 0° and 180° at 1.5 V for the 12 mm ball drop at 50 mm 
and at 2.5Vpp for 6 mm ball drop at 50 mm away from the FBG. It is observed that 
            
(a)                                                                                    (b) 
Figure 5.9: The STFT of AE from the unpackaged FBG with (a): 12mm ball at 
50mm impact distance; (b): a 6mm ball at 50mm impact distance 
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the sensitivity is highest at 0° and 180° for both 12 mm and 6 mm balls using both 
sensors with a maximum amplitude of 3 Vpp and 2.5 Vpp, respectively. 
It is noteworthy that the AE interrogator measures the amplitude signal in volts 
and in simulation it was in micro strain. Therefore, to compare the experimental and 
simulation results, the change in amplitude was compared. The change in voltage 
measurement using unpackaged FBG was approximately 13% more at 50 mm distance 
using different ball sizes in both cases during 6 mm and 12 mm metal ball impacts. 
However, for packaged sensors, the change in the voltage was found to be 25% higher 
at an impact distance of 50 mm for the 6 mm ball impact and 32% higher at 50 mm 
distance for the 12 mm ball impact. 
                
(a)                                                                         (b)  
           
(c)                                                                (d) 
Figure 5.10: The Amplitude vs. time plot of measured AE from the packaged sensor 
at (a): 6mm ball 50 mm distance; (b): 6mm ball at 100mm distance; (c): 12mm ball at 
50 mm distance; (d) 12 mm ball at 100 m distance 
88 
 
The percentage increase in voltage for 12 mm ball impact was 21% compared 
to the 6 mm ball at 50mm impact distance, 23% at 100 mm impact distance using 
unpackaged FBGs and 50% and 68% higher, respectively for packaged sensors. The 
percentage change in amplitude is consistent with the percentage change in strain 
obtained with the simulation as discussed in section 5.4. The time series data and the 
STFT spectra obtained from this directional study show that the frequency of the AE 
waves obtained is very close to that of studies by other researchers where the impact 
signal frequency was shown to be around 20 kHz. The plate geometry, edge reflections 
and source to receiver distances were some of the factors attributing to the change in 





Figure 5.11: The plot for the directional sensitivity obtained after the ball drop tests 




 5.8 Conclusion 
 This study was undertaken to investigate the sensitivity of acoustic wave FBG 
sensors to the direction and distance of the AE source. Although many researchers 
have worked on the directional sensitivity of acoustic emission FBG sensors, this is 
the first time the experiments have been conducted with metal-packaged FBG sensors 
and the sensitivities compared with unpackaged FBG sensors. The experiments 
conducted here show that for the unpackaged sensor the change in the amplitude were 
approximately 13% whereas for the packaged sensor it was observed to be 25% at an 
acoustic source distance of 50 mm from the sensor. Generation and propagation of the 
AE wave is modelled using FEM. The successful verification of this method supports 
the view that this metal packaged FBG sensor can be used for monitoring and locating 
the micro cracks in welding and pipeline monitoring using fibre optic acoustic 
emission methods. This is a stepping stone to future experiments in source localisation 
of cracks using FBG arrays. Further modification should be undertaken to increase the 



















 Chapter 6  
Applications of FBG based Acoustic Emission Detection System in 
Crack Monitoring in Welding  
 
 This chapter presents a comprehensive study of cold crack monitoring using 
FBG sensors during welding. The chapter describes the design framework, 
experimental arrangement, data acquisition and subsequent analysis. Cold crack 
induced AE signals are detected by a multiple FBG sensor configuration and using a 
commercial FBG AE interrogation system. The crack locations are theoretically 
predicted using a method of linear localization based on the differences in the time 
of arrival (TOA) of the AE events to different FBG sensors and are experimentally 
validated by employing packaged and unpackaged FBG sensor array in a welding 
experiment with gas tungsten arc welding (GTAW) on an ultrahigh toughness high 
hardness armor (UHT HHA) steel. The weld region of the steel plate is diced into 1 
mm cross sectional pieces and the positions of the cracks are identified using 
scanning electron microscope (SEM) imaging and then cross correlated with the AE 
signals, thereby confirming the correct identification of crack location using the FBG 
sensing method. 
 
 6.1 Introduction 
 Many studies have been conducted successfully by researchers on FBG based 
AE sensing in various materials such as composites, concretes and metal plates 
[176,177,30,54]. Various sources of AE waves in engineering structures are 
generation and propagation of cracks, yielding, fretting, impact damage and failure 
of bonds [76]. The process of locating the source of these acoustic waves, by 
recording the propagating acoustic signals by various sensors and properly analyzing 
them, is commonly known as the acoustic source localization technique [178]. These 
can be done by many methods like analytical modelling, signal processing, by 
applying artificial neural network, finite element simulation and by geometric 
methods [179-183]. The AE source localization is a successful technique in SHM and 
has attracted great interest among researchers [184,177]. One of the major challenges 
during crack induced AE signal analysis is the presence of signals from noise which 
91 
 
should be separated efficiently using signal processing methods as described in 
Chapter 3.  
Successful monitoring of cracks in metals using AE was first discovered in 
metallurgy during twinning of tin, when an audible tin cry was produced due to 
plastic deformation. AE experiments to monitor cracking were first reported by 
Kaiser with the publication of his historical irreversibility theory, known as the 
“Kaiser effect” in 1950, which states that AE is not generated in a structure unless 
the previously applied load is exceeded [185]. Scholars have subsequently 
undertaken several studies on AE in various fields, and source localization using FBG 
sensors has been explained in various studies [186,187]. An improved AE location 
method based on the Gabor wavelet transform and threshold analysis was deduced 
and verified in AE linear location experiments using ultra-short FBG sensors by J 
Zhongwei et. al. [184]. Many studies based on intelligent algorithms to detect the 
source of AE are available in the literature [188,189]. As this type of localization 
method needs many training sensors, the results may not be reliable and the process 
is very complicated and source localization in plate-like structures needs multiple 
sensors. Kundu in 2014 propounded that for plate-like structures, if the speed of 
propagation of the acoustic wave is known, then the method of triangulation can be 
used for source localization . Wu et. al. identified the position of transverse cracks in 
carbon-reinforced plastics using phase shifted FBGs and waveform analysis [190]. 
The AEs can be mapped by a technique described by Sun et. al [191] which 
encompasses the theory of zone localisation using multiple evenly spaced sensors and 
detecting the time of arrival (ToA) of AE signals at the various sensors. The hit 
sequence is determined by using a time difference between hits, thereby resulting in 
more precise location [192]. 
NDT of welds has been advancing significantly in recent years to produce high 
quality and highly reliable welds so that operational safety of welded structures like 
oil and gas pipes, bridges and high pressure vessels can be ensured. Cold cracks occur 
in quench-sensitive areas, either in the weld metal or in the heat affected zone when 
the factors such as brittle microstructure, shrinkage upon cooling and hydrogen in 
sufficient concentration coexist. Typically, cold cracks are not detectable until the 
metal cools to a temperature of about 200 °C. Therefore real time monitoring of crack 
activities would enable engineers to control the welding parameters more accurately 
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to minimize the cold cracks. As mentioned in chapter 1, the AE method to detect 
cracks during welding was done as early as 2 to 3 decades ago. For example, Fang 
et. al. in 1995 used AE to monitor cracks [61]. Some previous work on FBG based 
sensors for welding applications such as residual stress and temperature monitoring 
shows the feasibility of employing optical fibre sensing methods in welding [69-70]. 
As a proof of concept of FBG based AE detection for high temperature applications, 
we have conducted mapping of cold cracks occurring during welding. A linear 
localization method is used to locate the cracks and they are validated using scanning 
electron microscopy (SEM) imaging analysis. 
In this chapter an experiment on welding is conducted and the locations of the cold 
cracks are estimated by three methods namely, the time domain response, time of 
arrival at three FBG sensors and SEM imaging. Through this approach, we have 
experimentally validated our theoretical estimation and calculations. 
 6.2 Mapping of Cracks using AE 
 A linear localisation method were applied to map the origin of cracks using the 
measured AE signals detected by three FBG sensors attached in a linear array to the 
weld substrate, as shown in Fig 6.1. Let us consider that the location of the cold cracks 
formed during welding is at the origin denoted by a coordinate x0. The three FBG 
sensors are denoted as S1, S2 and S3 each separated from the origin of the weld at a 
distance of x1, x2 and x3, respectively. The sensors are configured in such a way that 
S2 is half way between S1 and S3 at a distance of D from each of them. When FBGs 
are placed at different locations with a definite sensor to sensor distance, AE signals 
are recorded by the system with different signal travelling times based on the 
distances of sensors to the AE source. This travelling time is termed ToA, and by 
measuring the ToA of the AE event using the FBG system and also by knowing the 
location of the embedded FBGs, the origin of the AE source can be estimated. 
The time is an unknown factor as the cracks occur at an unknown time t0. Assuming 
t1 is the ToA at sensor 1 and t2 is the ToA at sensor 2, the distances from the source 
of crack and the three FBG sensors can be denoted by x1, x2 and x3 and can be written 
as eq (1-3) assuming ν is the wave velocity of the signal in the weld substrate. 
                            𝑥1 = 𝑣(𝑡1 − 𝑡0)    (6.1) 
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                            𝑥2 = 𝑣(𝑡2 − 𝑡0)    (6.2) 
                            𝑥3 = 𝑣(𝑡3 − 𝑡0)    (6.3)  








)    (6.4) 
However, this scenario is limited to the setup being in a right angled triangle 
configuration. For a more generalized scenario, we can apply the sine rule and cosine 









 ,    (6.5) 
where  ∠𝑥𝑜, ∠𝑠2 and ∠𝑠1 represent the angles which are formed between the locations 
of the cracks and the sensors. After calculating 𝑡0 from equation (8), origin of AE 
source x0 can be found from equation 6.5. After calculating 𝑡0 from equation 6.4, we 
can find x0 by equating it to the product of travel velocity (𝑣𝑡) × time (𝑡0)  
𝑥0 = 𝑣𝑡 ∗ 𝑡0   (6.6) 
By solving equation 6.6 we can determine the source of the crack in the welded 
region.  
 
Figure 6.1: The location of the sensors with respect to the crack location    
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 6.3 Estimation of the ToA of the AE Signal and Source Localisation 
In order to estimate the ToA of the AE signal, initial calculations are carried 
out using wave velocity of steel (the weld substrate in our experiment) and the time 
period resolution of the system for an experimental configuration as shown in Fig 6.2. 
This configuration has three weld regions (weld 1, weld 2 and weld 3) and three FBG 
sensors attached, each at a distance of about 60 mm from the corresponding weld 
regions The sampling frequency of AE interrogation system was 1.167 MHz and as 
there are three different FBGs used for the experiment the sampling rate becomes 389 
kHz per FBG which means that the system can distinguish events which are separated 
by a minimum time period of 2.56 µs. The wave velocity in steel is 4500 m/s [193] 
and based on the location of the FBGs from the centre of the welded regions, the ToA 
of the AE signal at the individual sensors are found as shown in table 6.1. Given the 
time resolution of 2.56 µs, the estimated ToA for an AE event at weld 1 for FBG 
sensors 1 and 3 is feasible and the AE event can be distinguished. Similarly, for weld 
3 the data from sensor 3 and 1 are distinguishable, but for weld 2 the events will not 
be distinguishable from the data from sensors 1 and 2 but it is distinguishable from 




Figure 6.2: The schematic arrangement of the welds and the FBG sensors on the 
welded region   
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Table 6.1: The theoretical calculated time of arrival of AE signals between the welds 
and the FBGs (in µs) 
Weld FBG 1 FBG 2 FBG 3 
1 13.3  15.5  24.4 
2 15.5 13.3 17.7 
3 24.4 15.5 13.3 
   
 
 6.4 Experimental arrangement 
 6.4.1 Welding Procedure  
In this research work all the experiments are carried out on an ultrahigh 
toughness high hardness armor steel of dimensions 150 x 100 x 7 mm. UHT HHA 
steel is a quenched and tempered steel armour plate and is ideal for cold crack studies. 
The material was chosen in order to ensure the occurrence of cold cracks and 
subsequent AE signal generation. To induce sufficient cracks, no interpass 
temperature was applied to the welding as high interpass temperature assists in the 
diffusion of H2 out of the areas of previous passes thus preventing cold crack 
formation. The welding method used was Gas Tungsten Arc Welding (GTAW). 
GTAW is the type of welding [194] commonly used to weld thin sections of non-
ferrous metals such as aluminium, titanium, magnesium and copper alloys. A gas 
tungsten arc is used as the heat source for the welding. The welding is carried out by 
using pure aluminium and chromium wires (Stoody 101 HC) of diameter 2.8 mm in 
order to do the hard facing of the material.  Multiple passes were made on the welded 
substrate, with each typical welding pass being 40 mm long, and successive passes 
separated by 10 mm. The wire is loaded with a speed of 260 mm/min and the arc has 
a travel speed of 87.4 mm/min. The arrangement of the substrate, FBGs on the 
substrate and the welded regions are shown in Fig 6.3.  
 6.4.2 FBG sensors 
Two FBG sensing configurations were implemented in this study. Firstly, to 
understand the fundamentals and capability of FBG sensors to measure crack induced 
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AE signals and crack locations, an unpackaged FBG sensor array with three sensors 
of wavelengths 1530 nm, 1540 nm and 1550 nm were used. Secondly, in the other 
configuration, 3 FBGs were used, which comprised an array of a packaged sensor of 
wavelength 1530 nm, a bare FBG sensor of 1540 nm and another magnetic packaged 
sensor of wavelength 1550 nm. For practical applications, as discussed in chapters 4 





Figure 6.3: The photograph of the welding with (a) bare FBGs, (b) Packaged 
Sensors   
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implemented in this study. The details of the FBGs used for this experiment are as 
shown in Table 6.2. 
The first experiment on welding was conducted with the unpackaged FBG array, 
where the FBG sensors were glued to the substrate using a high temperature 
withstanding epoxy. the details of which are given above. A photograph of the 
experiment is shown in Fig  
6.3 (a). In the second welding experiment, AE events were measured using a metal  
packaged FBG sensor array with magnetic capability as mentioned in chapter 5 [47-
57]. The array of 2 packaged sensors along with the unpackaged FBG sensor are 
placed on to the HHA steel as shown in Fig 6.3 (b). The magnetic packaged FBG 
sensor is simply placed on the steel plate while the unpackaged FBG sensor and the 
metallic packaged sensors are glued on to the substrate using a cyano-acrylate glue. 
The welding is carried out on the HHA substrate as mentioned in previous section. 
The AE from the cracks induced during welding is recorded using FAESense M400 
interrogator system. Welding was carried out for a duration of 20 seconds per pass and 
the recording is kept on for a further 60 seconds in order to record the cracks which 
occur after the welding is finished. 
Table 6.2: The specifications of the FBGs used in this study 
















2 Bare 1540 
3 Bare 1550 
4  Packaged  1530  
5 Bare 1540 




 6.5 Preparation of the Samples for SEM Imaging 
 The scanning electron microscope (SEM) is one of the most versatile 
instruments used for microstructural analysis of solid objects. Hence, in order to 
validate the experimental determination of crack locations, we have used SEM 
imaging to ensure that crack actually exists at those locations. For this purpose the 
welds as described in Fig 6.3 are diced into smaller pieces, each of 1mm length, and 
the cut pieces are then encapsulated using Struers Citopress 20 mounting equipment, 
and multiple samples each having consecutive pieces from the same weld are then 
prepared by using Clarofast hot mounting resin. Before placing the samples in the 
SEM, their surfaces are polished and cleaned using a Metprep 4 grinder polisher 
system as per the standards. A few of the final prepared samples are shown in Fig 6.4 
and are chosen for further analysis using the SEM. The encapsulated polished samples 
are then ensured to be in the standard size of 25 mm diameter x 20 mm height including 
the holder for the sample which is the standard requirement of the samples to be 
inserted to the JCM 6000 scanning electron microscope. The samples are then scanned 
and the images are analysed. 
 6.6 Results and discussion 
6.6.1 Time domain response of cold crack induced AE events form unpackaged 
FBGs 
The data acquired by the AE interrogation system are analysed following the 
methodologies explained in chapter 3 for obtaining the time domain response. For 
each of the welded regions there were multiple layers/passes of welding conducted to 
 
Figure 6.4: The final prepared welded areas after polishing and moulding. 
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induce maximum crack activities. From the AE data sets, we selected those with the 
highest number of AE events for further analysis. In Fig 6.5 we show the time domain 






Figure 6.5: The time domain response for the welding with cracks occurring at 
various locations (a) for Weld 1, (b) Weld 2, (c) Weld 3 
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responses for three welding runs. For each run, we show several welding which were 
run for 20 seconds times followed by 60 second period after the welding ends. The 
change in voltage corresponds to the wavelength change experienced by the FBG due 
to the presence of cold cracks induced AE events. Sudden changes in amplitudes are 
caused by the acoustic emission events arising during welding.  
Fig 6.5, shows multiple AE events taking place during the welding process, as well as 
afterwards, amongst which selected AE events are chosen for further analysis. Events 
1, 2 and 3 are the events that occurred during the welding, while events A1, A2 and 
A3 are the  ones that occurred after the welding, for welding regions 1, 2 and 3 
respectively. The events  obtained from the FBG AE interrogator were a mixture of 
AE signal and noise which was processed using Daubechies (DB) wavelet transform, 
applying DB-10 denoising using suitable thresholding. The time domain responses 
shown in Fig 6.5 are the denoised ones. However, it was noted that even after de-
noising, data from FBG2 for weld 3 were still noisy and hence were not considered 
for further analysis By comparing the ToA of these events captured by different FBG 
sensors the location of the cracks on the welded substrate can be estimated. As seen 
in Fig 6.5 (a) the event 1 is recorded by FBG1 and FBG3 at 4.1105 seconds and 4.1114 
seconds, respectively. By applying this data and FBG location to equations 6.4 and 
6.6, the crack origin time can be calculated as 4.11102 seconds. which marks the 
beginning of the event and the event continues till a time duration of 4.1114 seconds. 
The event can be pinpointed to a distance of 5.77 mm from the start of the welded 
region. Similarly for the AE events obtained in Fig 6.5 (b), the ToA is 0.9848 seconds 
from the start of the welding which indicates the approximate location of the cracks to 
be around 1.43 mm from the start of the weld 2. Similar calculations were done for 
other events, namely A1, A2 and A3, which saw the crack initiation beginning at 
approximately 54.923 seconds, 49.984 seconds and 33.432 seconds respectively. 
Times of arrival calculated here are measured from the start of the observed welding 
in the time domain response. 
 6.6.2 Signal amplitudes measured by individual sensors  
Signal amplitude plots comparing different sensors are shown in Fig 6.6, which 
shows the AE signal amplitude of different events measured by different FBGs. Here 
there are 2 graphs showing (Fig. 6.6 (a)) signal amplitudes during the welding process 
and (Fig. 6.6 (b)) after the welding process. As seen in the figure there is a variation 
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in the signal amplitudes measured by the different FBGs. Based on the plotted 
amplitudes we can see that the amplitude increases with decreasing distance from the 
FBG to the cracks. . On comparing AE signal for Event 1, the signal amplitude 
measured by FBG2 (0.5 V) is higher compared to the ones measured by FBG1 (0.3 V) 
and FBG3 (0.2 V), although the crack location corresponding to Event1 is closer to 
FBG2. Similarly, Event 2 has amplitudes of 0.6 V, 2 V and 0.1 V measured by FBG1, 
FBG2 and FBG3 respectively and amplitudes of Event 3 measured by FBG1 and FBG 
3 are  1 V and 0.4 V respectively. For post welding, the measured amplitudes of the 




                                       (b) 
Figure 6.6: Amplitude plots vs event numbers for the three FBGs (a): During 
welding, (b): After welding 
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A3 corresponding to welds 1‒3. In this plot, the data for FBG2 of weld 3 is ignored as 
it is contaminated with noise. Event A1 measured by FBG1, FBG2  and FBG3 has 





(a)                                                                                     (b) 
Figure 6.7: Frequency analysis of selected AE events measured by the FBG sensors for 
weld 2 (a) Event 2 (b) Event A2  
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amplitudes of 2.9 V, 2.3 V and 2.2 V respectively for FBG2, FBG3 and FBG1. Event 
A3 has amplitudes of 1.75 V and 1.6 V measured by FBG1 and FBG3 respectively.   
It is evident from the results that the amplitude of the AE event is not directly 
proportional or linearly correlated to the distance between the AE source and the FBG 
sensor. As the FBG’s strain sensitivity is directionally dependent [98], the orientation 
of the crack and the FBG should be investigated to understand more about the 
measured amplitude of the AE event and its correlation with crack size, which is 
beyond the scope of this research work.   
 6.6.3 Frequency analysis of the cold crack induced AE events 
The frequency analysis of selected measured AE events was carried out to 
understand the crack initiation frequencies during and after welding. AE events from 
weld 3 was not considered as the data was noisier and deemed not eligible for 
frequency analysis. The Short Term Fourier Transform (STFT) of Event 2 and Event 
A2 from weld 2 for all the three FBG sensors are shown in Fig 6.7. As seen in Fig 
6.7(a) Event 2 shows an AE frequency range of circa 20-25 kHz measured by all the 
three FBG sensors. Similar frequency components were present in AE events from 
weld 1 during the welding process. The relative crack initiation time and duration of 
the AE events can also be clearly distinguished from the STFT plots and can compared 
with the time domain response in Fig 6.6.  
 
Figure 6.8: Amplitude vs event plot obtained from array having packaged sensors 
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To understand the post welding crack induced AE frequencies, we have 
analysed Event A1 and A2 from weld 1 and 2 respectively. The measured frequency 
in this case was also found to me similar to that of during welding and is shown in Fig 
6.7(b).  
To provide an overview of the crack induced AE frequencies, the measured 
frequencies from Event 1, 2 and Event A1 and A2 for all the three FBG sensors are 
shown in Fig 6.8. It can be seen that for all the three welds the crack induced AE 
frequencies during and after welding are in 20-25 kHz region.  As the AE frequencies 
depend on the welding wire and substrate properties and also the temperature, a minor 
difference in AE frequencies during and after welding is expected. The results are 
meaningful and can provide more insights to the characteristics of cold cracks in 
welding. To further study the frequency characteristics of cold crack induced AE 
events  different materials and substrates can be used.   
6.6.4 Time domain response of cold crack induced AE events from packaged 
FBGs 
 Fig. 6.9 depicts the time domain response of the crack induced AE events 
occurring during welding, as picked up by the FBG array containing two packaged 
FBG sensors as mentioned in section 6.4.2. Two selected AE events are marked as 
 
Figure 6.9: Amplitude vs event plot obtained from the packaged sensors  
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Event P1 and Event P2, occurring during the welding and after the welding 
respectively for weld 3. The corresponding AE event amplitudes measured by the FBG 
sensors are shown in Fig 11. It can be seen that Event P1 amplitudes measured by the 
sensors FBG4, FBG6 and FBG5 are of 3.7 V, 3.1 V and 2.5 V respectively. Similarly, 
for the Event P2 the amplitudes  Signal amplitudes from the experiment using the 
packaged sensors FBG 1, 2 and 3 are shown in Fig.6.9. Three AE events at around 3 
seconds, at 17 seconds and just after 40 seconds were identified and are shown in this. 
Corresponding time domain responses for the three events are shown in Fig 6.10. The 
data is analysed for the amplitude and its plotted corresponding to the event location. 
From this plot it can be seen that for event 1 FBG 2 has higher amplitude compared to 
FBG1 and FBG3. For events 2 and 3 FBG1 has higher amplitudes than FBG2 and 
FBG3. It can be seen that Event P1 amplitudes measured by the sensors FBG4, FBG6 
and FBG5 are of 3.7 V, 3.1 V and 2.5 V respectively. Similarly, for the Event P2 the 
amplitudes respectively measured by the sensors FBG4, FBG6 and FBG5 are 2.5 V, 
2.4 V and 1.8V respectively. 
It can be observed from the results that the packaging has not resulted in any 
significant difference in the AE events’ measurement, wherein the packaged FBG4 
and FBG6 have shown similar behaviour compared to FBG5. As with the unpackaged 
     




FBGs, no direct conclusion can be drawn from the amplitude data without detailed 
analysis of the cold crack orientation. However, the results are promising, as the 
magnetic packaged FBG sensors are reusable and have the potential to be in used in 
practical SHM applications..    
  
 6.6.5 Identification of cold cracks using SEM imaging 
Samples from multiple welds were taken and the images were analysed using the 
SEM. . Samples from multiple welds from corresponding locations as discussed in 
section 6.5.1 were taken and the images were analysed using the SEM. A few selected 
SEM micrographs of the samples are shown in Fig 6.11, which correspond to welds 1 
and 2 at 6 mm and 1 mm respectively. Cold cracks are clearly seen in both the SEM 
images, which are the sources of the AE signals measured by the FBGs. The crack 
location in weld 1 at 6 mm corresponds to Event 1 measured by the FBG sensor  
 
Figure 6.11: Confirmation of cold cracks from SEM imaging and its correlation 





occurred at 4.11102 seconds after the start of the welding, as discussed in Section 
6.6.1. Given the travel time of 87.4 mm/min of the arc welding system, the estimated 
crack location was at 5.98 mm and is in close agreement with the one identified 
through SEM imaging. Similarly, for weld 2, the estimated crack initiation time of 
0.9848 seconds indicates a crack at 1.43 mm and from the SEM image we found a 
crack at 1 mm. The slight difference in the estimated and original crack locations 
might be due to the inaccuracies in dicing and also due to the limited dicing thickness 
resolution (1 mm). The synchronisation of the welding process and the FBG data 
acquisition could also induce some errors.  
Given the close agreement between the crack location as estimated and measured, 
FBG measurement system is considered to be a viable option for cold crack 
monitoring in welding applications. However, further research is required in 
quantification of the crack size and crack orientation from the FBG sensor data. .  
6.7 Conclusion 
 In this research work an easily realizable AE source localisation method based 
on the AE waves detected by the FBG sensors was introduced. This methodology can 
help in future crack monitoring studies in high temperature applications. A brief 
history of AE techniques also is discussed. A fibre optic AE method to monitor 
hydrogen induced cold cracks during ultrahigh toughness high hardness armor 
welding was studied in this chapter. Here a high sensitivity FBG based fibre optic 
interrogation system was used to measure the cold crack induced AE events during 
the welding by studying the events and also the times of arrival, the locations of the 
sources of AE events and thereby cracks were mapped. To validate the location 
estimated with the FBG sensors, the positions of the cracks were verified by examining 
the plates using SEM. Further study on amplitude and energy of the crack using the 
FBG sensor can help in developing a dependable cold cracking monitoring system for 








Conclusion and future work 
 
The investigations described in this thesis are summarised in this chapter. The 
theoretical, simulation and experimental results reported in this work make significant 
contributions to our knowledge and understanding of FBG based AE studies and their 
potential for a new generation novel metal-encapsulated magnetic gratings for sensing 
applications at high temperature. This chapter also discusses the future research 
challenges and potential elaboration of the work presented in this thesis. FBG based 
AE sensing and magnetic sensors have clear research and technological development 
possibilities in many future applications and in this chapter some specific areas of 
interest for further research are focused upon. 
 7.1 Key findings and conclusions 
The primary goal of this research work was to develop a novel FBG sensor for 
acoustic signal detection which has the potential to be used in high temperature 
applications. For achieving this, a new generation magnetic, metal encapsulated 
sensors capable of being surface attached on to the welded region was fabricated using 
samarium cobalt magnets, tin and stainless steel and was successfully implemented 
for AE detection. Through this process the following outcomes were demonstrated. 
The AE data has been analysed using various signal processing techniques. The 
magnetic packaged sensor was characterized for the various parameters and has been 
found ideal for crack monitoring in high temperature applications till around 2000 OC. 
Directional sensitivity of the packaged FBG sensor was studied, demonstrated and 
compared with unpackaged FBGs. The directional sensitivity studies were used to 
understand the importance of orientation of the embedded sensors in substrates and its 
corresponding AE sensitivity. Sources of AE and, thereby, the cold crack defects in 








Outcomes of the research described in this thesis are the following.  
 
1. Signal processing GUI designed and tested for AE data analysis 
➢ We developed a graphical user interface (GUI) in MATLAB for signal 
thresholding and wavelet de-noising for processing. AE signals are high frequency 
waves that are emitted from the source of fatigue or cracks within a structure. 
Difficulties that arise in acoustic emission analysis are the high volume of output data 
that is needed to record the AE signals and the continuous noise that affects the system 
as the data is contaminated with various types of noise. A signal processing tool 
developed in this thesis was successful in considerably reducing the noise component 
of the signal. After significant de-noising was applied, we observed the elimination of 
the ghost noise components from the frequency domain plots. Upon completion of the 
data analysis the amplitude and frequency of the AE signal is known which is used to 
determine if an AE event has occurred and depending on its magnitude, the health of 
the structure under test could be evaluated. 
2. New generation metallic packaged FBGs for high temperature applications  
A novel, new generation magnetic metal-encapsulated packaged sensor was designed 
and fabricated successfully using samarium cobalt magnets, stainless steel and tin. 
From the research it was concluded that this sensor has the ability to be surface-
attached to magnetic structures without using any gluing material and is detachable 
and reusable. The peak wavelength results obtained using the FBGs before and after 
packaging were in close agreement. Thus, the sensor can be used in SHM of iron 
pipelines, welded structures and other ferromagnetic structures.  
3. Capabilities of the magnetic metallic FBG for monitoring various parameters  
➢ The capabilities of this packaged FBG for the measurement of mechanical and 
thermal strains, temperature variations, and vibration were investigated and proved.  
➢ The measured load sensitivity of the packaged sensor was 0.4456 με/N.  
➢ Temperature sensitivity was 11.16 pm/°C.  
➢ The simulation results using ANSYS show a temperature sensitivity of 14.005 
pm/°C and a load sensitivity of 0.7784 με/N. The experimental and simulated values 
were in close agreement thus the sensor’s capability to be used in SHM is proved. 
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➢  The vibration sensitivity was analysed after applying different known 
frequencies and it was demonstrated that the measured and applied frequencies were 
in close agreement, thus emphasizing that this packaged sensor can be used 
successfully for FBG based AE monitoring. Simplicity of fabrication of this 
removable and reusable sensor underpins its ability to be used in pipeline monitoring 
and SHM of welded structures 
4. Directional sensitivity of the packaged FBG sensors  
➢ Directional sensitivity of FBGs towards AE was studied and it was concluded 
that the packaged sensors adequately demonstrated the property of directional 
sensitivity, similar to unpackaged FBG sensors and that these sensors are highly 
sensitive in the longitudinal direction compared to the transverse direction. Generation 
and propagation of the acoustic waves were studied and demonstrated using ANSYS 
explicit dynamics. 
➢ The FEM simulation of the directional sensitivity of both packaged and bare 
FBG sensors were carried out. Simulation results were in close agreement with the 
experimental results.  
5. Cold crack monitoring in welding using FBG sensors 
➢ AE event source localisation is determined using the ToA method. The method 
is applied to cold crack monitoring in welding. The cold cracks, which are the source 
of the AE were accurately mapped from the data obtained from the time domain 
responses. The Crack locations were then verified by SEM imaging analysis. The 
study has confirmed that identification of the directional sensitivity helps in source 
localization, which is one of the biggest concerns in AE detection. It has been 
concluded that accurate location of the cracks can be found using packaged or 
unpackaged FBG sensors by accurate placement of the FBG sensors, calculating the 
arrival time and knowing the acoustic wave velocity in UHT HHA steel. The positions 
of the cracks pinpointed were validated using scanning electron microscope and time 
domain responses. 
Overall outcomes  
➢ New generation magnetic metal-encapsulated FBG sensors were developed for 
use in high temperature applications; 
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➢ Samarium cobalt magnets were used as they retain their magnetic properties at 
high temperatures;  
➢ Load, temperature and vibration characteristics of the packaged sensors were 
experimentally obtained and also verified by FEM simulations;  
➢ A graphical user interface was developed using which ghost noises present in 
the original processed AE data were eliminated and is verified by observing the de-
noised frequency domain data; 
➢ Directional sensitivity is studied for both packaged and unpackaged FBG 
sensors; 
➢ Directional sensitivity is verified both experimentally and using FEM 
simulations. We demonstrated that these sensors are highly sensitive in the 
longitudinal direction compared to the transverse direction; 
➢ Applications of the packaged FBG sensors in locating the source of cold cracks 
occurring in welding was demonstrated; 
➢ The source of cracks was located by using ToA method, and cross-verified 
using time domain response and using SEM;  
 7.2 Limitations of packaged FBGs 
Packaged FBGs mentioned in this thesis despite having several advantages, 
also possess a few limitations such as 
➢ Would require proper bonding between the materials to ensure adequate strain 
transfer between the packing material and the FBG; 
➢ The AE amplitude measurement resolution depends on the mechanical and 
physical characteristics of the packaging materials;  
➢ The design of the sensors can be further modified to improve the sensitivity 
and temperature range. Together with high temperature withstanding materials, 
magnets and  FBGs based on speciality fibres the operating temperatures of the 
packaged sensors could be extended above 1000 oC.  
 7.3 Future scope for research 
Future studies on improving the FBG AE interrogation system 
➢ A commercial FBG interrogator FAESense was mainly used for this thesis 
work. After studying the different interrogator systems there is scope for research to 
implement a FBG AE interrogation system which has enhanced sensitivity and 
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bandwidth, is immune to environmental perturbations, acquires data in more user 
friendly format and is economically more feasible. Real time monitoring should be 
improved by enabling the real time plotting of the time domain and the frequency 
domain response.  
➢ A wireless FBG interrogator system can also be developed which can enable 
remote, wireless and smart monitoring.  
 
Use of FBGs in harsh Environments 
The magnetically-mounted metallic-packaged FBG fabricated in this thesis 
can be improvised to be used in high temperature applications up to 800 oC (limited 
by the operating temperature of SmCo magnets) by used appropriate packaging 
materials. Further feasibility studies and implementation will help in the monitoring 
of structures in harsh environments such as aerospace, nuclear plants and steel 
industries. By incorporating FBGs with regenerated gratings and sapphire fibres, the 
sensor will be able to detect defects and cracks in structures in high temperature 
environment to give a better insight into the development and propagation of cracks 
due to temperature effect. Furthermore remote sensing of ultrasonic guided waves 
from the harsh environment using FBGs is one of the research areas which can be 













[1] G. Pereira, C. Frias, H. Faria, O. Frazão and  A. T. Marques, "Study of strain-transfer 
of FBG sensors embedded in unidirectional composites", Polymer Test., vol. 32, no. 
2, pp. 1006-1010, 2013. 
[2] G Rajan, “Introduction to optical fibre sensors” in Optical fibre sensors: Advanced 
Techniques and applications, ch 1, 2015, 
[3] A Berkovits,., and D Fang, "Study of Fatigue Crack Characteristics by Acoustic 
Emission," Eng. Fracture Mech., 51 (3), 401–416, 1995 
[4] R Raju, A, I Azmi, and B, G, Prusty, , “Acoustic emission techniques for failure 
characterisation in composite top-hat stiffeners”, Journal of Reinforced Plastics and 
Composites, 31(7), 495-516, 2012 
[5] B, A Barna, J, A Johnson, and R, T, Allemeier, “Determination of Acoustic-Emission 
Sites Using a Digital Non-destructive-Evaluation Workstation”,  Exper. Mech., Vol. 
28, pp. 210–213, 1998. 
[6] K. Kageyama, H Murayama, I Ohsawa, M Kanai, K Nagata, Y Machijima and F 
Matsumura “Acoustic emission monitoring of a reinforced concrete structure by 
applying new fibre-optic sensors,” Smart Mater.Struct., vol. 14, no. 3, pp. S52–S59, 
May 2005. 
[7] H. Guo, G. Xiao, N. Mrad, and J. Yao, "Fibre optic sensors for structural health 
monitoring of air platforms," Sensors, vol. 11, no. 4, pp. 3687-3705, 2011. 
[8] Y K Zhu, G Y Tian, R S Lu and H Zhang, “A review of optical NDT technologies,” 
Sensors, vol. 11, pp. 7773-7798, 2011 
[9]  C R Farrar and K Worden, “An introduction to structural health monitoring”,   
Philosophical Transactions of the Royal Society A: Mathematical, Physical and 
Engineering Sciences, Vol.365, no.1851,pp 303-315, 2006. 
[10]  J M L Higuera, L R Cobo, A Q Incera and A Cobo, “Fibre optic sensors in structural 
health monitoring”, Journal of light wave technology, Vol. 29, no.4,pp 587-608, 2006 
[11] B Gisic and D Inaudi, “Introduction to structural health monitoring” in Fibreoptic 
methods for  structural health monitoring  chapter 1,2007. 
[12] National Transportation Safety Board, “Southwest Airlines 1380 Engine failure, 
Investigative update,” 2018 
[13] Effects of defects, Technology Profile, Aerospace Testing International, July 2012 
Issue, pp 63-63 
114 
 
[14] T.L. Vandiver, “Health Monitoring of US Army Missile Systems,”  Structural Health 
Monitoring , Current Status and Perspectives, Stanford University, Palo Alto, CA, pp. 
191-196, 1997 
[15] E.G. Straser, A.S, Kiremidjian, T.H, Meng, and L., Redlefsen, “A Modular, Wireless 
Network Platform for Monitoring Structures,” Proceedings of the International Modal 
Analysis Conference, pp. 450-456, 1998. 
[16] Y. Chen and X Xiu “Advances in the Structural Health Monitoring of Bridges Using 
Piezoelectric Transducers “Sensors Vol. 18(12) ,4312, 2018 
[17] Song G., Gu H., Mo Y.L., Hsu T.T.C., Dhonde H. Concrete structural health 
monitoring using embedded piezoceramic transducers. Smart Mater. Struct. 16:959–
968, 2007. 
[18] Karayannis C.G., Voutetaki M.E., Chalioris C.E., Providakis C.P., Angeli G.M. 
Detection of flexural damage stages for RC beams using Piezoelectric sensors (PZT) 
Smart Struct. Syst. 2015; 15:997–1018, 2015. 
[19] E. Sevillanoa et. al.” Comparison of PZT and FBG sensing technologies for debonding 
detection on reinforced concrete beams strengthened with external CFRP strips 
subjected to bending loads” Materiales de Construcción, Vol. 66, Issue 322, April–June 
2016 
[20] M. Sun et. al., “Smart Sensing Technologies for Structural Health Monitoring of Civil 
Engineering Structures” Hindawi 2010  
[21] W. Ostachowicz, R. Soman and P. Malinowski, “Optimization of sensor placement for 
structural health monitoring: a review” Structural Health Monitoring Vol. 18(3) 963–
988,2019 
[22]  B. Clushaw, and A Kersey, “Fibre-optic sensing: A historical perspective”, Journal of 
Lightwave Technology, 26(9), pp. 1064–1078, 2008 
[23] R. Bogue, “Fibre optic sensors: A review of today’s applications”, Sensor Review, 31/4, 
pp. 304–309, 2011 
[24] M. Zawawi, S O Keeffe and E Lewis. “Intensity modulated fibreoptic sensor for health 
monitoring applications”: A comparative review, Sensor Review vol. 33 issue 1, pp 57-
67, 2013 
[25] B.H. Lee, Y.H. Kim, K.S. Park, J.B. Eom, M. J. Kim, B. S. Rho and H. Y. Choi, 
“Interferometric fibre optic sensors”. Sensors, vol. 12, pp. 2467–2486, 2012. 
115 
 
[26] J. H. Lim, H. S. Jang, K.S. Lee, J.C. Kim,and B.H. Lee, “Mach-Zehnder interferometer 
formed in a photonic crystal fibre based on a pair of long-period fibre gratings”. Opt. 
Lett. Vol 29, pp. 346–348, 2004. 
[27] B.O. Guan, L Jin, Y Zhang and H-Y Tam, “Polarimetric heterodyning FBG laser 
sensors” Journal of light wave technology vol. 30, pp. 1097-1112, 2012 
[28] L Mohanty,.L. Koh  and S.C. Tjin, “Fibre Bragg grating microphone system”, Appl. 
Phys. Lett., vol. 89, 161109, pp. 1-3, 2006. 
[29] D. Tosi, M. Olivero and G. Perrone, “Low-cost fibre Bragg grating vibroacoustic sensor 
for voice and heartbeat detection”, Appl. Opt., vol. 47, pp. 5123–5129, 2008 
[30] J.R. Lee and Tsuda, H., “A novel fibre Bragg grating acoustic emission sensor head 
for mechanical tests”, Scripta Mater. Vol. 53, pp. 1181–1186, 2005 
[31] K.T.V. Grattan, T. Sun. “Fibre optic sensor technology: An overview.”Sens. Actuators 
A Phys., 82, 40–61, 2000. 
[32]  X. Bao, C.Liang. “Recent progress in Brillouin scattering based fibre sensors.” 
Sensors, 11, 4152–4187, 2011. 
 
[33] K. Othonos and K. Kalli, “Fibre Bragg Gratings, Fundamentals and Applications in 
Telecommunications and Sensing”, Artech House Publishers, Boston, MA, 1999 
[34] Q. Ye, Q. Wang, H. Zhao, J. Chen, and Y. Wang, “Review of composite structural 
health monitoring based on fibre Bragg grating sensing principle”, Journal of Shanghai 
Jiatong University (Science), vol. 2, pp. 129-139, 2013 
[35] M. Majumder, T. K. Gangopadhyay, A. K. Chakraborty, K. Dasgupta, and D. K. 
Bhattacharya, "Fibre Bragg gratings in structural health monitoring - Present status 
and applications," Sensors and Actuators A: Physical, vol. 147, pp. 150- 164, 2008 
[36] K.O. Hill and  G. Meltz, “Fibre Bragg grating technology fundamentals and 
overview”. J. Lightwave. Technol. vol 15, pp. 1263–1276, 1997 
[37] Y.J. Rao, “In-fibre Bragg grating sensors”. Meas Sci Technol,  vol 8, pp. 355–375, 
1997 
[38] M Weisbrich and K Holschemacher “Comparison between Different Fibre Coatings 
and Adhesives on Steel Surfaces for Distributed Optical Strain Measurements based 
on Rayleigh Backscattering in Concrete Structures” Journal of Sensors and Sensor 
Systems, vol. 7, pp. 601-608, 2018 
116 
 
[39] P. Lu, L. Men and Q. Chen,” Polymer-Coated Fibre Bragg Grating Sensors for 
Simultaneous Monitoring of Soluble Analytes and Temperature” IEEE Sensors 
Journal, vol. 9, pp. 340 – 345, 2009 
[40] D. K. W. Lam  and B.K. Garside  , 1981 “Characteristation of single mode fibre filters”  
Appl. Opt. 20 440–445 
[41] P. J. Russel , J. Archambault  and L. Reekie  ” Fibre gratings” Phys. World 6 41–46 
1993 
[42] M. Ramakrishnan et. al,“Overview of fibre optic sensors technologies for 
strain/temperature sensing applications o composite materials” Sensors, Vol 16(1): 99, 
2016 
[43] K Bhowmik, G.D Peng, Y Luo,,E. Ambikairajah, V Lovric,WR. Walsh, G Rajan, 
“High intrinsic sensitivity etched polymer fibre Bragg grating pair for simultaneous 
strain and temperature measurements “IEEE Sensors Journal, vol. 16, (8) pp. 2453-
2459, 2016. 
[44] E. Udd ,  “Fibre-optic smart structures” in “Fibreoptic sensors: An introduction for 
engineers and scientists, 2 nd ed.vol.1 E.Udd and WB Spillman,,New York:John Wiley 
& sons, pp.372-378,2011.  
[45] Y.M. Gebremichael, W. Li, W.J.O. Boyle, B.T. Meggit, K.T.V. Grattan, B. McKinley, 
G.F. Fernando, G. Kister, D. Winter, L. Canning and S. Luke “Integration and 
assessment of fibre Bragg grating sensors in an all-fibre reinforced polymer composite 
road bridge” Sens. Actuators A, vol. 118 , pp. 78-85, 2005 
[46] T.H.T. Chan, L. Yu, H.Y. Tam, Y.Q. Ni, S.Y. Liu, W.H. Chung, and L.K. Cheng,  
“Fibre Bragg grating sensors for structural health monitoring of Tsing Ma bridge: 
background and experimental observation” Eng. Struct, 28 , pp. 648-659 , 2006. 
[47] G. Kister, D. Winter, R.A. Badcock, Y.M. Gebremichael, W.J.O. Boyle, B.T. Meggitt, 
K.T.V. Grattan and G.F. Fernando “Structural health monitoring of a composite bridge 
using Bragg grating sensors. Part 1. Evaluation of adhesives and protection systems for 
the optical sensors” Eng. Struct., 29, pp. 440-448,2007 
[48] R. Maaskant, A.T. Alavie, R.M. Measures, G. Tadroos, S.H. Rizkalla,and A. Guha-
Thakurta “Fibre optic Bragg grating sensors for bridge monitoring” Cem. Concr. 
Compos, vol. 19 , pp. 21-33, 1997 
[49] Vohra ST, Davis MA, Dandridge A, Chang CC, Althouse B, Patrick H, Putnam M, Tsai 
T, Wang G,Baalerud PO, Haavsgard GB and Pran K.” Sixteen channel WDM Fibre 
Bragg grating dynamic strain sensing system for composite panel slamming tests”. In: 
117 
 
Proc. of the 12th International Conference on Optical Fibre Sensors, Williamsburg, 
USA, pp 662-665, 1997. 
[50] I. García , J. Zubia  G. Durana,  G. Aldabaldetreku ,  M. Illarramendi  and J. Villatoro , 
“Optical Fibre Sensors for Aircraft Structural Health Monitoring” Sensors , 15, 
PP.15494-15519,2015 
[51] P.Ferraro and  G. Natale “On the possible use of optical fibre Bragg gratings as strain 
sensors for geodynamical monitoring” in “Optics and Lasers in Engineering “Volume 
37, Issues 2–3, , Pages 115-130,2002.  
[52] G. Rajan , J.. Vinod . T Moses . G. Prusty . J. Xi “Ballast Breakage Analysis Using FBG 
Acoustic Emission Measurement System” Geotech Geol Eng (2017) 35:1239–1247  
[53] D. Pang, Q. Sui, M.Wang, D.Guo and Y. Sai,  “Development of High Temperature 
Acoustic Emission Sensing System Using Fibre Bragg Grating” Photonic sensors , Vol. 
8, No. 1,1239-1247, 2018. 
[54] S Jinachandran, J.Xi, C.Shen, H.Li and B.G.Prusty , “Fibre optic acoustic emission 
sensor system for hydrogen induced cold crack monitoring in welding applications” “ 
IEEE Sensors Applications Symposium (SAS),pp.1-72016.  
[55] D. C. Betz, G. Thursby, B. Culshaw and W. J. Staszewski, "Acousto-Ultrasonic sensing 
using Fibre Bragg Gratings” Smart Materials and Structures, Vol. 12, pp. 122-128, 2003 
[56] Alvaro A, T. Jensen, N Kheradmand, O.M Lovvik and V Olden, “Hydrogen 
embrittlement in nickel, visited by first principles modelling, cohesive zone simulation 
and nanomechanical testing,” International Journal of Hydrogen Energy, pp. 16892-
900, 2015. 
[57] RA Oriani   “ A brief survey of useful information about hydrogen in metals”, in 
international symposium on cold fusion and advanced energy sources.  Belarussian state 
university, Minsk in 1994.   
[58]  IA  Shibli and D Robertson , “9-12 Cr Martensitic steel.” In: Review of the use of new 
high strength steels in conventional HRSG boilers, R&D and  plant experience. ETD 
Report, European technology development, Surrey, vol. 1045, page 9-16, 2006. 
[59] M. Lomozik, A Hernas and M L Zeman, “Effect of Welding thermal cycles on structure 
and properties of simulated heat affected zone areas in X10 Cr MoVNb9-1  (T91) steel 
at a state after 100,000 h of operation,” Material Science Engineering A, vol. 637, pp. 
82-8, 2015. 
[60] A. M. Santanu Saha, “Detection of Hydrogen induced Cracks During In-service 
inspection of Piping Using Ultrasonic Phased Arrays – Assessment of Fitness for 
118 
 
Service,” in National Seminar &amp; Exhibition on Non-Destructive Evaluation, Pune, 
2014. 
[61] C. K Fang, E Kannatey and JR Barber, “Acoustic Emission Investigation of Cold 
Cracking in Gas Metal Arc Welding of AISI 4340 Steel,” Supplement to the Welding 
Journal, pp 177s -183-,1995s 
[62]  PJ Singh, CK Mukhopadhyay , T Jayakumar , SL Mannan SL and  Raj B 
”Understanding fatigue crack propagation in AISI 316 (N) weld using Elber’s crack 
closure concept: Experimental results from GCMOD and acoustic emission 
techniques”. Int. J. Fatigue 29:2170–2179,2007. 
[63] A Marfo, Z Chen and J Li., “Acoustic emission analysis of fatigue crack growth in 
steel structures” Journal of Civil Engineering and Construction technology,Vol 4,pp 
239-249, 2013 
[64] K Bruzelius and D.Mba “An initial investigation on the potential applicability of 
Acoustic Emission to rail track fault detection ” NDT & E International 37(7):507-
516.2004 
[65] Roberts TM and Talebzadeh M ). “Acoustic emission monitoring of fatigue crack 
propagation”. J. Constr. Steel Res. 59pp.:695–712, 2003 
[66] K. Nakagawa ,t.  Murakami ,H,  Morikawa , T. Ichimura  . “A Study to find Cracks on 
Steel Structure Using Time-Frequency Analysis”. Mater. Forum Vol. 33, 2009. 
[67] M.A. Morsy, A. Mahdy and M. A Al-Hameed “Prevention of cold cracking in ASTM 
A516 Gr. 70 steel weldment”  Journal of American Science 10(6),pp.111-118, 2014 
[68] L. Baughurst and G Voznas, “Welding defects, causes and corrections,” ASPEC 
Engineering technical article, 2011.  
[69] J Suarez ,B  Remartinez B, J Menendez J,A  Guemes  and F Molleda , “Optical fibre 
sensors for monitoring of welding residual stresses” J. Mater. Process. Technol. 
143(1)– pp.316–320,2003. 
[70] PMGP Moreira ,,O Frazao , SMO Tavares , MAOV de Figueiredo , MT Restivo , JL 
Santos and PM STde Castro P M S T  “Temperature field acquisition during gas metal 
arc welding using thermocouples, thermography and fibre Bragg grating sensors” 
Meas. Sci. Technol. 18 877–883,2007 
[71] PM Junghare, CP Raj P, T Srinivas, and P Sharan, "A Finite Element Analysis of Fibre 
Optic Acoustic Sensing Mandrel for Acoustic pressure with Increased Sensitivity," 
American Journal of Engineering Research 2 (9), 1-7 2013. 
119 
 
[72] BR Ellingwood,  “Risk-informed condition assessment of civil infrastructure: state of 
practice and research issues”. Struct Infrastruct E  1:pp 7–18, 2005. 
[73] F.Biondini,  DM Frangopol, . “Life-cycle performance of deteriorating structural 
systems under uncertainty: review.” J Struct Eng 142(9) 2016. 
[74] A Nguyen “ Deterioration assessment of buildings using an improved hybrid model 
updating approach and long-term health monitoring data” J SHM Special issue ,pp. 5-
19, 2018;   
[75]  A Dhale, F K974han “Application of Acoustic Emission Technique in Various Field” 
International Journal of Engineering Research and Development  Volume 7, Issue 10, 
pp, 80-85  2013 
[76]  G Wild and  S. Hinckley  “Acousto- Ultrasonic Optical fibre sensors, Overview and 
state of the art”, Sensors Journal, IEEE Vol 8 ( 7 ) 7, pp 1184-1193, 2008 
[77] R.Unnporsson, “Hit Detection and Determination in AE Bursts” in Acoustic Emission: 
Research and Applications 2013.  
[78] B. Harris, “Fatigue and accumulation of damage in reinforced plastics”, Composites 
vol 8 (4),pp.214-220 1977 
[79] A. Mouritz, “Non-destructive evaluation of damage accumulation’ in , Fatigue in 
Composites”, Woodhead Publishing Ltd., Cambridge pp.242-266 2003 
[80] M.Wieslaw, T.Wandowski and PH Malinowski,  “Structural health monitoring 
methods for composite materials” in Structural Health Monitoring of Composite 
Structures Using Fibre Optic Methods, 1st ed New York: CRC Press,  pp. 21-40, 2016. 
[81] B. Raj, T Jayakumar and BPC Rao,  “Non-destructive testing and evaluation for 
structural integrity”  Sadhana 20(1) , pp 5-38, 1995. 
[82] T. Moriyama and T.Misaki,  “Measuring method using PZT sensor for mass flow of 
moved bed gravity flow,” SICE, pp. 1191-1195,1995 
[83] . M.  R. Islam. M . Ali,,M. Li and K.Lim “Chronology of Fabry-Perot Interferometer 
Fibre-Optic Sensors and Their Applications : A Review,” Sensors, vol. 14, pp. 7451-
7488, 2014. 
[84] G. Por, L.Dozpod and T Dobjan, “Developing an Acoustic Emission Measuring 
System Based on Modular High Speed Data Acquisition,” 30th European Conference 
on Acoustic Emission Testing & 7th International Conference on Acoustic Emission, 
Granada  2012. 
120 
 
[85] A D Kersey, M A Davis, H J Patrick, M Leblanc, K P Koo, C G Askins, MA Putnam 
and E J Friebele, ‘Fibre Grating Sensors”, Journal of Lightwave technology, vol 15, 
no 8, pp 1442-1463, 1997 
[86] S J Mihailov, “Fibre Bragg Grating Sensors for Harsh Environments”, Sensors 12, pp 
1898-1918, vol 12. 
[87] X. E. Gros, "Current and future trends in non-destructive testing of composite 
materials," Annales de Chimie Science des Matériaux, vol. 25, pp. 539-544, 2000. 
[88] Raffaella Di Sante “Fibre Optic Sensors for Structural Health Monitoring of Aircraft 
Composite Structures: Recent Advances and Applications” Sensors  15, 18666-
18713,2015 
[89] H Li, , D. Li,  and G Song, ., “Recent applications of fibre optic sensors to health 
monitoring in civil engineering”, Engineering Structures, Vol 26, Issue 11, pp 1647-
1657, 2004. 
[90] Minakuchi S. and Takeda N., “Recent advancement in optical fibre sensing for 
aerospace composite structures”, Photonic Sensors, 3 (4), 2013. 
[91] T Fui, P Wei, X Han and Q Liu, “Application of Fibre Bragg Grating Acoustic 
Emission Sensors in Thin Polymer-Bonded Explosives” Sensors, 1-15 2018 
[92] P Wei, XL Han, X.L.; Xia, D.” A Measurement Method for the Velocity of Acoustic 
Emission Wave in Liquid Nitrogen”. IEEE Trans. Ind. Electron. 2018, 65, 8232–8238 
[93] De Oliveira, R. Ramos, C.A.; Marques, A.T. “Health monitoring of composite 
structures by embedded FBG and interferometric  Fabry–Perot sensors”. Comput. 
Struct. 2008, 86, 340–346 
[94] H. Liao, P. Lu, L. Liu, S. Wang, W. Ni, and X. Fu, “Phase demodulation of short-
cavity Fabry–Perot interferometric acoustic sensors with two wavelengths,” IEEE 
Photon. J., vol. 9, no. 2, pp. 4808–4816, . 2017. 
[95] R Chen,; P.Theobald, and;M. Gower,. “A novel fibre optic ring acoustic emission 
sensor”. In Proceedings of the SPIE, Diego, CA, USA, pp.1-12, 10–12 March 2008; . 
[96] W, Li, C, Xu, ,SCM Ho, ; , B. Wang.and G Song,.” Monitoring Concrete Deterioration 
Due to Reinforcement Corrosion by Integrating Acoustic Emission and FBG Strain 
Measurements”. Sensors 2017. 
[97] Q Wu and   Y,Okabe, . “High-sensitivity ultrasonic phase-shifted fibre Bragg grating 
balanced sensing system”. Opt. Express 20 ,pp.  28353–28362,2012.  
121 
 
[98] IM Perez, ; HLCui, andE.  Udd,. “Acoustic emission detection using fibre Bragg 
gratings.” In Proceedings of the SPIE—Smart Structures and Materials, Newport 
Beach, CA, USA, 6 August 2001; Volume 4328, pp. 209–235. 
[99] Q. Wu, F. Yu, Y Okabe, K Saito and S Kobayashi “Acoustic emission detection and 
position identification of transverse cracks in carbon fibre–reinforced plastic laminates 
by using novel optical fibre ultrasonic sensing system” Structural health monitoring, 
Vol 13 (4), 2014. 
[100] J. Chen, B. Liu, and H. Zhang, "Review of fibre Bragg grating sensor technology," 
Frontiers of Optoelectronics in China, vol. 4, pp. 204-212, 2011. 
[101] G. Rajan, “A Macro-bend Fibre Based Wavelength Demodulation System for Optical 
Fibre Sensing Applications,” Dublin Institute of Technology, Dublin, Ireland, 2008. 
[102] Q Wu, Y Okabe and F Yu “Ultrasonic Structural Health Monitoring Using Fibre Bragg 
Grating” Sensors. Vol 18(10) 2018, 3395;  
[103] D. Sengupta, “Fibre Bragg gratings and interrogation systems” in, Optical fibre 
sensors: advanced techniques and applications ch 9.1st ed, CRC press, 2015.  
.  
[104]   W. Y Okabe, “Using Optical Fibres for ultrasonic damage detection in aerospace 
structures,” in Structural health monitoring (SHM) in Aerospace Structures”, Elsiever 
, pp. 95-117.2016.. 
[105] Graham Wild and Steven Hinckley, “Optical Fibre Bragg Gratings for Acoustic 
Sensors”, Proceedings of 20th International Congress on Acoustics, Sydney 2010. 
[106] C.Hu.,Z.Yu and A. Wang, “All Fibre optic multi parameter structure health monitoring 
system,” Optics Express, vol. 24, no. 18, pp. 1-10, 2016 
[107] R. Pappu, W. Zhang, I. Bennion, and K. Sugden, "Acoustic emission detection using 
optical fibre based fabry perot sensor and quadrature recombination technique," in The 
European Conference on Lasers and Electro-Optics, pp.1,2009.: Optical Society of 
America. 
[108] R. Pappu, "Acoustic emission detection using optical fibre sensors for aerospace 
applications," Aston university 2011. 
[109] D-C. Seo, D-J. Yoon, I-B. Kwon, S-S. Lee, “Sensitivity enhancement of fibre optic 
FBG sensor for acoustic emission” Korea Research Institute of Standards and 
Science, Republic of Korea Sensors 2009, 9, 4446-44 
[110] Cusano, A.; D’Addio, S.; Cutolo, A.; Campopiano, S.; Balbi, M.; Balzarini, S.; 
Giordano M, “Enhanced acoustic sensitivity in polymeric coated fibre bragg grating”. 
Sens. Transducers J. 2007, 82, 1450-1457 
122 
 
[111] Stefania Campopiano et. al, “Underwater Acoustic Sensors Based on Fibre Bragg 
Gratings” Sensors 2009, 9, 4446-4454 
[112] S. Jinachandran et. al., "Fabrication and characterization of a magnetized metal-
encapsulated FBG sensor for structural health monitoring", IEEE Sensors J., vol. 18, 
no. 21, pp. 8739-8746, Nov. 2018. 
[113] Jiang, B.; Bi, Z.; Wang, S.; Xi, T.; Zhou, K.; Zhang, L.; Zhao, J. “Cascaded tilted 
fibre Bragg grating for enhanced refractive index sensing”. Chin. Phys. B 2018 
[114] KC Chuang and CCMa, “Pointwise fibre Bragg grating displacement sensor system 
for dynamic measurements’ Appl.Optics ,pp.3561-3567.. 2008.. 
[115] DC Betz, ; GThursby,.;B  Culshaw and .;WJ  Staszewski, . “Identification of structural 
damage using multifunctional Bragg grating sensors: I. Theory and implementation.” 
Smart Mat. Struct.vol.15  pp. 1305-1312.2006. 
[116] H Soejima,; T Ogisu, H Yoneda, ; Y Okabe; N. Takeda,  and YKoshioka, “. 
Demonstration of detectability of SHM system with FBG/PZT hybrid system in 
composite wing box structure”. Proc. SPIE ,6932 E,2008.. 
[117] K. Koo and A. Kersey, "Bragg grating-based laser sensors systems with 
interferometric interrogation and wavelength division multiplexing," Journal of 
Lightwave Technology, vol. 13, no. 7, pp. 1243-1249, 1995 
[118] M. Han, T. Liu, L. Hu, and Q. Zhang, "Intensity-demodulated fibre-ring laser sensor 
system for acoustic emission detection," Optics express, vol. 21, no. 24, pp. 29269-
29276, 2013 
[119] Ibsen Photonics. Available online: URL:https://ibsen.com/wp-
content/uploads/Ibsen-Product-Sheets-I-MON-High-Speed.pdf (accessed on May 
2019) 
[120] Smart Fibres. Available Online: URL: 
 https://www.smartfibres.com/files/pdf/SmartScan.pdf (accessed on May 2019) 
[121] Redondo Optics, Available Online: URL: 
 http://www.redondooptics.com/FBGT_060209.pdf (accesed on May 2019) 
[122]  Mendoza, E.; Prohaska, J.; Kempen, C.; Esterkin, Y.; Sun, S.; Krishnaswamy, S. 
Distributed fibre optic acoustic emission sensor (FAESense™) system for condition 
based maintenance of advanced structures. In Proceedings of the Optical Sensors 
2013, Rio Grande, Puerto Rico, USA, 14–17 July 2013 
123 
 
[123] Intelligent fibre optic systems, Available online: URL: http://www.ifos.com/wp-
content/uploads/2013/03/IFOS-ISense-48M-Data-Sheet-V1-2013.pdf  (accessed on 
May 2019). 
[124] YJ Rao, “Recent progress in applications of in-fibre Bragg grating sensors” Optics and 
Lasers in Engineering Volume 31, Issue 4,PP 297-324. April 1999,  
[125] K. Diamanti and C. Soutis, "Structural health monitoring techniques for aircraft 
composite structures," Progress in Aerospace Sciences, vol. 46, no. 8, pp. 342-352, 
2010. 
[126] D Wada, H Igawa, M. Tamayama, T Kasai, Hi Arizono, H Murayama and K Shiotsubo 
“Flight demonstration of aircraft fuselage and bulkhead monitoring using optical fibre 
distributed sensing system” “Smart Materials and Structures, Volume 27, Number 2 
pp-1-12,2018, 
[127] JA Balta et. al. “Smart composites with embedded shape memory alloy actuators and 
fibre Bragg grating sensors: Activation and control” Smart Materials and Structures 
14. Pp 457-465 2005 . 
[128] M. Vidakovic, C. McCague, I. Armakolas, T. Sun, J. S. Carlton, and K. T. Grattan, 
"Fibre Bragg grating-based cascaded acoustic sensors for potential marine structural 
condition monitoring," Journal of Lightwave Technology, vol. 34, no. 19, pp. 4473-
4478, 2016. 
[129] C.Baldwin , t. Poloso , P. Chen  J. Niemczuk , J. Kiddy ,C. Ealy . “Structural 
monitoring of composite marine piles using fibre optic sensors”. Proceedings  of SPIE: 
Smart Structures and Materials and Non destructive Evaluation for Health Monitoring 
and Diagnostics, vol. 4330,pp. 487-497, 2001.. 
[130] E.Udd , M. .Kunzler ,MH  Laylor , W Schulz , S. Kreger ,JC Corones, R McMahon, 
;SM Soltesz,  and .; E. Robert et. al. “Fibre grating systems for traffic monitoring”. 
Proceedings of SPIE: Health Monitoring and Management of Civil Infrastructure 
Systems, vol. 4337. pp.510-514 2001. 
[131] G. Allwood, G Wild and S Hinckley, “Fibre Bragg Grating Sensors for Mainstream 
Industrial Processes” Electronics ,6(4),92 2017 
[132] M. R. B. Tanmay and A. Lonare, “Speech denoising using wavelet transform,” IOSR 
Journal of VLSI and signal processing, vol. 6, no. 3, pp. 36-41, 2016. 
[133] . C Li and Y Tan, “Ultrasonic excitation and fibre Bragg Grating sensing based on 




[134] D. K. Alfouri M, “ECG signal denoising by wavelet transform thresholding,” 
American Journal of Applied Science , vol. 233, pp. 67-76, 2008.3.1 
[135] K. Manindra, "Analysis of Acoustic Emission Data for Accurate Damage Assessment 
for Structural Health Monitoring Applications," Doctor of Philosophy Postgrad, 
Science and Engineering Faculty, Queensland University of Technology, 2012. 
[136] Z. L. T. G. B Le, “Weak LFM signal detection based on wavelet transform modulus 
maxima denosising and other techniques,” International journal of wavelets 
Multiresolution and information processing , vol. 8, no. 2, pp. 313-326, 2010. 
[137] J. B. W. D. M. H. J. J. L. Y Xu, “Wavelet transform domain filters: a spatially selective 
noise filtration technique,” IEEE Transactions on image processing, vol. 3, no. 6, pp. 
747-758, 1994. 
[138] L. M. J. D L Donoho, “Ideal spatial adaptation by wavelet shrinkage,” Biometrika , 
vol. 81, no. 3, pp. 425-455, 1994 
[139] .W X Hua, Y Jie, J Y Lin, N Y Chao, “Optimized Signal Denoising Algorithm for 
Acoustic Emission Leakage.” Chemical engineering transactions, vol 46, pp 1009-
1014 2015 
[140] .J.J. González-de-la-Rosa, A. Palomares-Salas, J.C. Sierra-Fernández, "Wavelets 
filters and higher-order frequency analysis of acoustic emission signals from termite 
activity," Journal of the International Measurement Confederation, vol. 93, pp. 315-
318, 2016. 
[141] Z. Qin, L. Chen and X. Bao, "Wavelet Denoising Method for Improving Detection 
Performance of Distributed Vibration Sensor," IEEE Photonics Technology Letters, 
vol. 24, pp. 542-544, 2012 
[142] Bianchi, E. Mayrhofer, M. Gröschl, G. Betz, A. Vernes, "Wavelet packet transform 
for detection of single events in acoustic emission signals," Mechanical Systems and 
Signal Processing, vol. 64, pp. 441-451, 2015. 
[143] M. Misitti, Y. Misitti, G. Oppenheim and J. Poggi, Wavelet Toolbox For Use in 
Matlab: MathWorks, 1996. 
[144] E. Mendoza, J. Prohaska, C. Kempen, Y. Esterkin, S. Sun, and S. Krishnaswamy, 
"Distributed fibre optic acoustic emission sensor (FAESense™) system for condition 
based maintenance of advanced structures," in Optical Sensors, 2013, p. SM4C. 4: 
Optical Society of America 
[145] C. Gargour, V. Ramachandran and J. Lina, "A Short Introduction To Wavelets and 
Their Applications," IEEE Circuits and Systems Magazine, pp. 57-68, 2009. 
125 
 
[146] A. Graps, "An Introduction to Wavelets," IEEE Computational Science & 
Engineering, pp. 50-61, 1995 
[147] L. Cohen, Time-Frequency Analysis. Englewood Cliffs, NJ: Prentice Hall, 1995. 
[148] Mohamed  Kharrat, Emmanuel Ramasso, Vincent Placet, Lamine Boubakar. A signal 
processing approach for enhanced Acoustic Emission data analysis in high activity 
systems: application to Organic Matrix Composites. Mechanical Systems and Signal 
Processing, Elsevier, 2016, 70-71, pp.1038 - 1055. 
[149] G Luo and D Zhang,  “In Advances in Wavelet Theory and Their Applications in 
Engineering”, Physics and Technology 2012 
[150]  R. Bouchouareb and D. Benatia  “Comparative Study between Wavelet Thresholding 
Techniques (Hard, Soft and Invariant-translation) in Ultrasound Images” International 
Journal of Bio-Science and Bio-Technology Vol.6, No. 6 (2014), pp.29-38   
[151] Xiao Chun Li, Fritz Prinz, and John Seim, “Thermal Behavior of A Metal Embedded 
Fibre Bragg Grating Sensor,” Smart Mater. Struct., 10, pp. 575-579. 2001 
[152] Hamidreza Alemohammad and Ehsan Toyserkan , “Metal Embedded Optical Fibre 
Sensors: Laser-Based Layered Manufacturing procedures”, Journal of Material 
Science and engineering, vol 133, pp 1-12, 2011 
[153] R.P Beukema, “Embedding Techniques of FBG sensors in Composites: Technologies, 
Applications and practical use”, in 6th European workshop on Structural health 
monitoring, pp. 1-8. 2012, 
[154] Xiaochun Li, Fritz Prinz, R H Adams, “Metal Embedded Fibre Bragg Grating Sensors 
in layered manufacturing”, Journal of Manufacturing Sciences and Engineering, Vol 
125, Issue 3, July 2003. 
[155] S Sandlin, , T Kinnunen, ., J Ramo, ., and M Sillanpaa., “A Simple Method For Metal 
Re-Coating of Optical Fibre Bragg Gratings,” Surf. Coat. Technol., 201, pp. 3061–
3065. 2006, 
[156] C. Y. Kong, and R Soar, “Methods for Embedding Optical Fibres in an Aluminum 
Matrix by Ultrasonic Consolidation,” Appl. Opt., 44, pp. 6325-6333. 2005, 
[157] C Lupi, F Felli,, L Ippoliti, M. A. Caponero, M Ciotti, V Nardelli, , and A Paolozzi, 
“Metal Coating for Enhancing the Sensitivity of Fibre Bragg Grating Sensors at 
Cryogenic Temperature,” Smart Mater.Struct., 14, 11. pp. N71–N76. 2005 
[158] V Mishra, M Lohar, A Amphawan, “Improvement in temperature sensitivity of FBG 
by coating of different materials”, Optik, vol. 127, pp 825-828, 2016 
126 
 
[159] W Morey et. al., “Recent Advances in Fibre Grating Sensors for Utilitiy Industry 
Applications”, Proc. SPIE vol. 2594, 1995 
[160] Bowei Zhang, Mojtaba Kahrizi, “High-Temperature resistance fibre Bragg Grating 
temperature sensor fabrication”, IEEE sensors journal, vol 7, no. 4, pp586-591 April 
2007. 
[161] Y Shen, J. He, Y Qiu, W Zhao, S. Chen, T Sun, and K. T. V Grattan, “Thermal Decay 
Characteristics of Strong Fibre Bragg Gratings Showing High-Temperature 
Sustainability,” J. Opt. Soc. Am. B, 24(3), pp. 430–438: 2007 
[162] J Zhou, R Skomski, C Chen, G. C. Hadjipanayis, D J Sellmyer, “SmCo-Cu-Ti high 
temperature permanent magnets,” Applied Physics Letters, vol. 77, no. 10, pp. 1514-
1516, 2000. 
[163] R. Skomski, “Finite temperature behavior of anisotropic two-sublattice magnets,” 
Journal of applied physics, vol. 83, no. 11, pp. 6724-6726, 1998 
[164] Yanglong Hou, Shouheng Sun, Chuanbing Rong, J Ping Liu, “SmCo5/Fe 
nanocomposites synthesized from reductive annealing of oxide nanoparticles,” 
Applied physics letters, vol. 91, no. 153117, pp. 153117-1-3, 2007 
[165] E Magnets,&quot; Yuxiang Company, 2004. [Online]. Available: http://www.e-
magnet.cn/productsh6.html. [Accessed 28 08 2016]. 
[166] Ginu Rajan, Manjusha Ramakrishnan, Yuliya Semenova, Andrzej Domanski, Anna 
Bockowska, Tomasz Wolinski and Gerrald Farrell, “Analysis of Vibration 
Measurements in a composite material using an embedded PM-PCF Polarimetric 
Sensor and an FBG sensor”, IEEE sensors journal, Vol 12, No 5, pp1365-1371 May 
2012  
[167] Ricardo Correia, Edmon Chehura, Jin Li, Stephen W James, Ralph P Tatam, 
“Enhanced Sensitivity Fibre Bragg grating (FBG) load sensor, Measurement science 
and technology, Vol 21, No 9, 2010. 
[168] Guoming Ma, Naiqiang Mao, Yabo Li, Jun Jiang, Hongyang Zhou, Chengrong Li, 
“The re-usable load cell with protection applied for online monitoring of overhead 
transmission lines based on fibre Bragg gratings, Sensors, Vol 16, No. 6, 2016. . 
[169] W Morey et. al., “Recent Advances in Fibre Grating Sensors for Utilitiy Industry 
Applications”, Proc. SPIE vol. 2594, 1995 
[170] H. Achar, R. Ramakrishnan, K. Balasubramanian, B. Shrinivasan, "Investigation of 
the directional response of fibre Bragg grating-based acoustic emission sensor", Proc. 
Imag. Appl. Opt. Tech., pp. 1-3, Jun. 2012. 
127 
 
[171] C. Zhang, L. J. Bond, "Performance evaluation of the Fibre Bragg Grating (FBG) 
sensing device and comparison with piezoelectric sensors for AE detection", Proc. 
43rd Annu. Rev. Prog. Quant. Nondestruct. Eval., vol. 36, pp. 070007-1-070007-10, 
Feb. 2017. 
[172] Lamb H, “On waves in an elastic plate”, Proceedings of Royal Society of Acoustics- 
Math Physics Engineering sciences, 1917, volume 93, issue 648 pp 114-128. 
[173] Ben De Pauw, Sidney Goossens, Thomas Geernaert, Dimitrios Habas, Hugo 
Thienpont,Francis Berghmans, Fibre Bragg Gratings in Embedded Microstructured 
Optical Fibres Allow Distinguishing between Symmetric and Anti-Symmetric Lamb 
Waves in Carbon Fibre Reinforced Composites “ Sensors, 2017, 17 issue 1948, pp 1-
9. 
[174] J Wee et. al.” Simulating increased Lamb wave detection sensitivity of surface bonded 
fibre Bragg grating” Smart Materials and Structures 26(4) March 2017 
[175] Zhang Jianchao ，, Hao Rujiang , Wu Zhe   Jim Green and Li Shaohua  “Signal 
Simulation and Experimental Research on Acoustic Emission using LS-DYNA 
Journal of Engineering Science and Technology Review 8 (3) (2015) 151-157  
[176] T. Kishi et. al., “Acoustic Emission - Beyond the Millennium”, 1st ed. Oxford, UK: 
Elsevier, 2000 
[177] Minardo, A.; Cusano, A.; Bernini, R.; Zeni, L.; Giordano, M. Response of fibre Bragg 
gratings to longitudinal ultrasonic waves. IEEE Trans. Ultrason. Ferroelectr. Freq. 
Control 2005, 52, 304–312 
[178] T Kundu “Acoustic source localization” Ultrasonics 54 25-38 2014 
[179] Prosser, W.H., Jackson, K.E., Kellas, S., Smith, B.T., McKeon, J., Friedman, A., 
(1995). Advanced waveform-based acoustic emission detection of matrix cracking in 
composites. Materials Evaluation 53(9): 1052-58. 
[180] Mostafapour, A., Davoodi, S., Ghareaghaji, M., (2014). Acoustic emission source 
location in plates using wavelet analysis and cross time frequency spectrum. 
Ultrasonics 54(8): 2055-62. 
[181] Kirikera, G.R., Shinde, V., Schulz, M.J., Ghoshal, A., Sundaresan, M., Allemang, R., 
(2007). Damage localisation in composite and metallic structures using a structural 
neural system and simulated acoustic emissions. Mechanical Systems and Signal 
Processing 21(1): 280-97 
128 
 
[182] Kundu, T., Das, S., Jata, K.V., (2009). Detection of the point of impact on a stiffened 
plate by the acoustic emission technique. Smart Materials and Structures 18(3): 
035006. 
[183] Sause, M.G.R., (2013). Acoustic emission signal propagation in damaged composite 
structures. Journal of Acoustic Emission 31(1): 1-18. 
[184] Zhongwei Jin, Mingshun Jiang, Qingmei Sui, Faye Zhang, and Lei Jia, “Acoustic 
Emission Source Linear Localization Based    on an Ultra-Short FBGs Sensing 
System”, Photonic sensors Vol. 4, No. 2, 2014: 152–155 
[185] Y Mori, “Kaiser effect of Acoustic emission in metals and alloys-Kaiser effect ratio 
and microplasticity” Proc of the 4th AE symposium, 1978, Tokyo,pp 7:32 to 7:42 
[186] Axinte D, Natarajan D, Gindy N, “An Approach to use an array of three Acoustic 
emission sensors to locate uneven events in machining Part 1: Method and validation”, 
International Journal of Machine Tools and Manufacture, 2005 
[187] DD Pang etal.,” Acoustic Emission Source Localization System Using Fibre Bragg 
Grating Sensors and a Barycentric Coordinate-Based Algorithm “Journal of Sensors 
Volume 2018, 
[188] T. Fu, Z. Zhang, Y. Liu, and J. Leng, “Development of an artificial neural network for 
source localization using a fibre optic acoustic emission sensor array,” Structural 
Health Monitoring, vol. 14, no. 2, pp. 168–177, 2015. 
[189] M. Jiang, S. Lu, Y. Sai, Q. Sui, and L. Jia, “Acoustic emission source localization 
technique based on least squares support vector machine by using FBG sensors,” 
Journal of Modern Optics, vol. 61, no. 20, pp. 1634–1640, 2014  
[190] F. Yu, Y. Okabe, Q. Wu Identification of Damage Types in Carbon Fibre Reinforced 
Plastic Laminates by a Novel Optical Fibre Acoustic Emission Sensor Structural 
health monitoring 2016 vol 15 pp 93-103 
[191] Liying Sun and Yibo Li” Acoustic Emission Sound Source Localization for crack in 
the pipeline 2010 Chinese Control and Decision Conference 4301 
[192] Clarkes logarithmic table 
[193] Dakota Ultrasonics, “Velocity table”  
[194] P.Thakur and AN Chapgaon, “A Review on Effects of GTAW Process Parameters on 
weld “International Journal for Research in Applied Science & Engineering 




 Appendix A: I-MON 256 USB 
I-Mon 256 USB works on the high resolution spectrometer technology which 
utilizes Ibsen fused silica transmission gratings, I-MON splits the wavelength 
spectrum spatially allowing parallel processing of individual FBG sensor peaks which 
are measured by a diode array and embedded electronics.  
Features of I-MON 256 USB interrogator system are a high measurement 
frequency, high resolution, large dynamic range with a compact size without any 
moving parts and works on broad wavelength ranges. This can be applied as a stand-
alone interrogation monitor and/or OEM interrogation monitor modules for 
applications in vibration analysis, temperature measurements, pressure monitoring 
and strain measurements. The table below shows the specifications of the I-MON 256 
USB interrogator system. The photograph of the I-MON 256 USB is shown in fig A.1 
Table A.1: Specifications of the I-MON 256 USB interrogator system 
Parameter I-Mon 256 
Wavelength range 1525-1570 nm 
Max no. of FBG and 
spacing 
>36 at 1200 pm 
Wavelength fit resolution <0.5 pm 
Wavelength linearity 3 (5 max) pm 
Wavelength drift 1 (3 max) pm/degree C 
Dynamic range 30 dB 
Input optical power range -75 to -25 dBm 
Measurement frequency 3 kHz max 
Interface GigE 
Power supply 5 VDC, 3A 
Temperature range 0-50 degree C 


















Figure A.1: I-MON 256 USB interrogator system 
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Appendix B: FAESense M400 interrogator 
  
This is a four channel FBG AE sensor interrogation device based on Redendo 
optics International’s proprietary two wave mixing integrated optic microchip 
technology. The FAESense-M400 series features a high power broadband light source 
in C-band 1550 nm window and four individual high sensitivity detection channels for 
each FBG sensor in a fibre array. 
Table A.2: the specification of the FAESense M400 interrogator system 
Model No FAESense-M400 M400 
Sensing Channels  4 FBG transducers on a single 
fibre strand, 
Monitoring Mode  
 
Stress-strain, vibration, and 
acoustics emissions 
Monitoring Principle  
 
Adaptive Two-Wave Mixing 
(TWM) interferometry 
Wavelength Range  1530 nm to 1580 nm 
Bandwidth (FWHM)  60 nm 
Output Power Max  6 dBm 
Strain Sensitivity  ≤ 100-femtostrains  
Frequency Range  0 to 585 kHz 
Frequency Accuracy  ± 1% of reading 
Frequency Bandwidth  3 dB from 1-kHz to 100-KHz 
Sensor Sampling Rate  585 kHz for 4 Channels or 
2 MHz for single Channel 



























Data Communication USB  
Optical Connector  
 
Fibre pigtail with FC/APC 
connector 
or FC/APC receptacle 
Package  4.2-inch x 2.2-inch x 1.6-inch 
Data Display  LabView Graphical Interface 
133 
 
Appendix C: Welding Equipment 
 
MIG welding with shielding gas and a solid wire electrode produces a clean, 
slag free weld without the need to continually stop and replace the electrode as in stick 
welding. This method increases the productivity and reduces clean up.  
Wire Feeder 
Welding carried out in this thesis uses a Stoody 101-HC chromium wire, which 
is feeded on to the wire arc using the cold wire feeder WF-3 which feeds the wire on 
to the TIG torch. This system works independently using a standard TIG power supply 
using normal TIG welding parameters. This has an ON/OFF switch, pilot light, 
pulse/continuous feed switch, pulse wire on and off timers, remote swtich receptable, 
delay wire start and wire retract. The benefits of using this cold wire feeder includes 
automation of adding filler metal in TIG welding, all weld parameters can be 
duplicated. ual groove drive roll system accepts multiple wire sizes, eliminates TIG 
rod stub loss, cabinet keeps filler wire clean, makes fully automatic machine TIG 
welding possible, results are consistent and high quality welds. The specification of 
this cold wire feeder are as shown in the table.  
     Table A.3: The specifications for the Wire Feed 3 system 
 
Voltage  115 V AC (220 V 50 Hz. –Special item) 
Phase Single phase 
Frequency 50/60 Hz 
Height 15” (38.1 cm) 
Width 10” (25.4 cm) 
Length 21” (53.3 cm)  
Weight  54 lbs (!7.7 kg) 
Motor type  DC permanent magnet 
Motor rating 1/3 hp at 4000 pm  
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Filler wire spool size  12” (30.5 cm) 
Filler wire sizes 0.030” (0.8 mm)- 0.035” (0.9 mm) 
0.045” (1.1 mm), 1/16” (1.6 mm)  
Wire Feed speed range 0-500 ipm (0-1250 cm) 
Feed time (pulsed 
mode) 
Continuously variable 
Dwell time (Pulsed 
mode 
Continuously variable 
Delay start time Continuously variable 












The photograph of thewire from the wire feed 3 is fed on to the arc which is originating 
from Master TIG MLS 2000 from Kemppi here the current and the voltage at which 
the welding arc is discharged is set and adjusted. The current with which the arc is 
discharged is 100 A and a voltage of 100 V. the photograph of Master TIG MLS 2000 
is shown in fig A.3 
 
Figure A.2: Wire feeder 3 
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The benefits of usng Master TIG MLS 3000 include DC TIG MMA power output, 
compact size which ensures effortless mobility. Excellent ignition quality even with 
long TIG torches, quick pulse function increases welding speed and quality and are 
suitable for use with power generators. 
Shielding gas   
The shielding gas plays a crucial role in understanding the effect of the 
shielding gas and their unique properties. The main purpose of a shielding gas is to 
prevent the exposure to the molten weld pool to Oxygen, Nitrogen and hydrogen 
which are present in the air and atmosphere reaction to which with the weld pool can 
create a variety of problems including porosity and excessive spatter. These gases play 
an important role in determining weld penetration profiles, arc stability, mechanical 
properties of the finished weld and the transfer process you use and more.  
The most commonly used types of shielding gases include Argon, Helium, 
Carbon dioxide and Oxygen, each having its own advantages. For the welding 
conducted in this thesis Argon gas has been used because of the advantages such as 
placing an emphasis on weld quality, appearance and reducing post weld clean up a 
mixture between 75-95% Argon and 5-25% CO2 which can provide a more desirable 
combination of arc stability, puddle control and reduced spatter than pure CO2. This 
will also allow the use of a spray transfer process which can produce higher 
productivity rates  
 
Figure A.3: The interface of the TIG MLS 2000 displaying the welding current 
used in the experiment  
